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ABSTRACT 

The nature of distortion, the effects of welding, methods 
of removing distortion, and previous investigations on 
removing distortion in welded metal structures were discussed, 
A procedure for linear flame straightening panel structures, 
used aboard U. S. Naval ships, and the selection of parameters 
was then presented. The only variable during line heating was 
the heating flame velocity. “T" shaped unrestrained mild 
steel specimen, 1/B" and 3/16" thick, were fillet welded and 
then line heated to provide an angular distortion vs velocity 
relationship. Two panel structures (one using 1/8" plate, the 
other using 3/16" plate) similar to ship deck plates were 
fabricated and then line heated using the method and 
relationship determined from the "T" shaped specimen. 

The results of testing were presented in the form of 
distortion tables and graphs. It was found that line heating 
along the back side of fillet welded stiffeners was an 
effective way of removing out-of-plane and angular distortion. 
If the flame velocity was too low while flame straightening 
one panel, then the adjacent panels were also affected. Also, 
line heating parallel to the stiffeners did not remove 
buckling distortion. 

This study represents a first step in the investigation of 
flame straightening multi-panelled metal structures. 
Recommendations for additional testing using a combination of 
flame heating types, to remove all forms of panel structure 
distortions were presented. 
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CHAPTER ONE 



INTRODUCTION 



1.1 General Remarks 

Shrinkage of weld metal and the accompanying residual 
stresses and distortion is a perennial problem in the 
shipbuilding industry. Much effort has been expended to 
minimize the distortion that occurs during ship construction. 
While distortion can be produced by many of the assembly 
procedures used in ship fabrication, its principal cause today 
is welding. Welding is used extensively in modern 
shipbuilding yards, since it offers many advantages (i.e. high 
joint efficiency, water and air tightness, weight saving, no 
limit on thickness , simple structural design, and reduction in 
fabrication time and cost Cl]) over other assembly methods 
such as riveting, casting, and forging. 

Many ideas have been advanced as solutions to the problem 
of distortion. Unfortunately, these ideas and theories are 
often in conflict. Although welding has been used extensively 
in ship construction since the 1930's, there is very little 
published experimental or theoretical work on the control and 
removal of distortion. 

1.2 Nature of Distortion 

Distortion in weldments is primarily the result of the 
combined effects of (1) local ly-appl ied heat in the weld zone, 
and (2) restraint provided by both the relatively cold metal 
on either side of the weld bead and by other members of the 
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structure [2]. Because a weldment is heated locally by the 
welding heat source, the temperature and stress distribution 
in the weldment is not uniform and changes as welding 
progresses (Figure 1-1). During the heating and cooling cycle 
of the welding process, complex strains occur in the 
solidified weld metal and base metal regions near the weld. 

The strains produced during heating may be accompanied by 
plastic upsetting. 

For example, when a plate is heated along a line, such as 
with a torch, it will bend upon cooling so as to form a slight 
knuckle along the line. The curvature achieved is the same as 
if the plate were worked slightly with a press except that 
some shrinkage occurs; see Figure 1-2. Such heating can be 
applied in all directions many times over, or between and/or 
on bends formed by previous heating. What actually happens is 
illustrated in Figure 1-3. Local heating creates thermal 
stress in a very small region. Young's Modulus and the 
Elastic Limit of the effected material both decrease with the 
rise in temperature C3,4]. As the heat source travels, the 
adjacent material even if not cooled with water remains cool 
enough to resist the thermal created stress. So constrained, 
the heated surface swells beyond its Elastic Limit and 
therefore after cooling retains some minute deformation . 

During the cooling process, the bulge-side surface contracts 
more than the other side resulting in angular distortion 
(bending) and some amount of overall shrinkage. 

See Appendix E for a discussion of the “Fundamentals of 
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(b) TEMPERATURE CHANCE ^ci STRESS ^ 



Figure 1-1: SCHEMATIC REPRESENTATION OF CHANGES OF 

TEMPERATURE AND STRESSES DURING WELDING. 
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Figure 



CURVATURE ACHIEVED BY LINE HEATING 



lU 



I 

I 



LIME HEATING 
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Figure’ 1-3: LOCAL HEATING CREATES THERMAL STRESS IN A 

VERY SMALL REGION. TORCH TRAVEL IS IN THE 
DIRECTION TOWARD THE READER. 



15 



I 



I 



Line Heating". 



1.3 Distortion in Welded Structures 

Residual stresses and the resulting distortion in 
structural weldments are caused by three fundamental 
dimensional changes Cl]: 

1. Transverse shrinkage perpendicular to the weld 
line, 

2. Longitudinal shrinkage parallel to the weld line, 
and 

3. Angular distortion (rotation around the weld 
line ) . 

The effects of these dimensional changes on butt and fillet 
welds are shown in Figure 1-4. These three dimensional 
changes are always combined in shipbuilding and the analysis 
of distortion is extremely complex. Yet, to date, most 
analytic solutions to distortion problems involve simple 
structures . 

Longitudinal and transverse shrinkage are essentially 
designed out of ship structures. If proper shrinkage 
allowances were not allocated during piece fabrication, the 
final assembly would not fit together. However, angular 
changes, particularly in the area of fillet welds, are a 
problem. 

While angular distortion can be minimized and/or 
controlled by proper design of the weldment and careful 
selection of the welding process and welding variables, some 
inevitably occurs. When the amount of angular distortion 
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(a) TRANSVERSE SHRINKAGE 
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(b) LONGITUDINAL SHRINKAGE 




(c) ANGULAR DISTORTION 



Fiqure 1-4: FUNDAMENTAL TYPES OF DIMENSIONAL CHANGES 

DUE TO WELDING 
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■exceeds acceptable limits, it must- be removed . 

1.4 Methods of Removing Angular Distortion 

Angular distortion has been removed in the past by the 
following methods [1,2,3,4,5,6^7,83: 

1. Mechanical pressing of members which are small 
enough to be handled by a press. 

2. Jacking of members in place. Usually this method 
requires the welding of a strongback in place to 
transmit the jacking force. Jacking can be 
accomplished with or without the application of 
heat . 

3. Hammering of locally heated areas. 

4. Peening of the weld metal itself. 

5. Cutting the distorted panel, thus removing some 
material and welding the cut back together. 

6. Applying weld beads to the concaved side of the 
panel to cause shrinkage stresses and draw the 
panel straight. 

7. Flame heating of members in place with the use of 
the oxyacety lene flame alone or combined with a 
water quench. 

8. Vibratory stress relieving. A variable speed 
vibrator is clamped to the weldment and vibrated at 
resonant frequency for 10 to 30 minutes to remove 
distortion. 

The primary method used in shipyards for removing angular 
distortion in ordinary carbon steels is flame heating. It is 
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used because it is both an economical and easy method to 
employ compared to all other available methods. 

Only limited scientific information, either analytical or 
experimental, is available on mechanisms of distortion removal 
using flame heating. Thus flame straightening is very much an 
art. Usually, to remove distortion, the senior welder 
determines where a distorted plate should be heated. If the 
first application of heat fails, a second "guess" is made and 
heat again applied. This process is continued until the 
distortion is removed or reduced to acceptable limits . 

The flame straightening methods used to remove angular 
distortion are [1,2, 3, 4, 5, 6, 7, 8]: 

1. Spot Heating. In spot heating, heat is applied 
at a number of spots on the plate, as shown in 
Figure l-5a. Spot heating is used to remove 
distortion in thin plated structures. 

2. Line Heating of the panel. In this procedure, 
shown in Figure l~5b, the area to be straightened is 
heated along narrow lines within the panel. 

3. Line Heating of the back side of fillet welds. This 
procedure, shown in Figure l-5c, is similar to 2 
above except the flame is applied to the back side 
of the welded plate. 

4. Line Heating approximately three to four inches away 
from the fillet weld along a single line. This 
method, shown in figure l-5d, was developed in a 
German shipyard. 
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(a) SPOT HEATING 




(b) LINE HEATING PANELS 




(c) LINE HEATING BACK 
OF WELDS 



(d) LINE HEATING PARALLEL 
TO WELDS 



Figure 1-5: FLAME STRAIGHTENING METHODS 
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1.5 Previous Investigations 

A search of the literature on flame straightening theory 
and shrinkage distortion produced limited results concerning 
previous experimental investigations or analyses. This was 
particularly true for welded plates and structures. It must 
also be noted that all the research, both experimental and 
analytical, involved very simple welded structures, none more 
complicated than fillet welded panel structures. 

Flame straightening theory relies on the same phenomena 
as welding, that is expansion and contraction of the material 
[3,9]. Steel expands or contracts in definite ratios to each 
degree of temperature change. The application of heat to the 
material must force the material to expand into itself in lieu 
of normal expansion in length. This means that colder 
surrounding material must produce the inward force on the 
heated zone [91. Holt 13] showed that three basic facts must 
be known concerning a material to be flame straightened. 

These facts are: 

1. Thermal expansion characteristics of material with a 
rise in temperature. 

2. Variation of yield strength of material with rise in 
temperature. 

3. Behavior of modulus of elasticity at elevated 
temperatures - i.e. the ratio of stress to strain. 

He further explains that when an area is heated and then 
cooled, the material contracts in volume and exerts a pull 
that is equal to the yield point at the temperature of the 
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cooled volume. But angular distortion can be reduced, in 
materials less than 1/2 inch thick, by rapid line heating 
along the face to be concaved or shortened, using a single 
orifice oxyacetylene torch C4]. 

Flame heating investigations have been carried out at 
M.I.T.C 10, 11, 12, 13, 14] and Eattelle Memorial Institute 

CIS]. Walsh CIO], Duffy Cll], and Johnson C12] performed a 
series of investigations to study deformation changes 
resulting from flame straightening techniques used on various 
welded plates and structures. Mild and higher strength steels 
of 3/B inch and greater thicknesses were used. A summary of 
their conclusions are! 

1. Spot flame straightening procedures are more 
effective on mild steel than on higher strength 
HY-80 steel CIO]. 

2. Varying the position of spot flame straightening 
techniques from plate mid -span to fillet weld area 
produced no significant difference in reduced 
distortion CIO]. 

3. When using line flame straightening techniques on 
panel structures, it is necessary to use a water 
quench to achieve distortion removal Cll]. 

4. Line flame heating without water cooling is most 
effective for bending mild steel. The amount of 
bending depends on the material yield strength and 
variation of the yield strength with temperature. 

The direction of bending without the water cooling 
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IS dependent on initial plate conditions and not the 
flame location. Thus , the direction of bending 
cannot be controlled by the heating [12]. 

5. Line flame heating when used for straightening 

should be applied parallel to the weld line, but on 
the opposite side and displaced slightly towards the 
center of the panel. Water cooling should be used 
to cause bending in the direction which will remove 
the distortion induced by the welding [12]. 

Battelle Memorial Institute [15] conducted experiments to 
determine the effects of flame heating and mechanical 
straightening on base metal properties. Figure 1-6, copied 
from the Battelle report, shows that above approximately 3/8 
inch plate thickness, buckling type distortion does not occur. 
This figure also demonstrates that as plate thickness 
decreases the distortion problem increases. 

1.6 Analytic Analysis of Weld Distortion 

Because of the complex thermal, residual stress, elastic 
stress and strain, and plastic stress and strain fields 
produced by welding, to date only simple welded structures 
have been analytically analyzed by researchers [1, 4, 6, 7, 8, 

16, 17, 18, 19, 20, 21, 22, 23, 241. Shin [25] at M.I.T., 

developed a two dimensional analytical model using finite 
element methods that predicted, with reasonable degree of 
accuracy, the out-of-plane distortion readings experimentally 
obtained by Welsh [10] when line heating a simple panel 
structure. However, a search of literature did not provide 
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Relative seriousness of problems 




Thickness, inch 



Figure i-6: ILLUSTRATION OF THE EFFECTS OF PLATE 

THICKNESS ON THE RELATIVE SERIOUSNESS 
OF DISTORTION PROBLEMS AND MATERIAL 
PROBLEMS. 
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any models capable of predicting distortion in a complex 
welded structures, even one as simple and common as the one 
shown in Figure 1-7. 

As higher strength, thinner plate steels are introduced 
into ship production, the need for predicting and removing 
unwanted welding distortion has increased. 

1.7 Distortion Removal Using Robotics 

Recent developments in robotic technologies, artificial 
intelligence, sensing technologies, and small, powerful 
computers may provide researchers with a means of predicting 
and removing distortion in complex welded structures. 

An article by Imakita and Masubuchi [26] describes a 
procedure developed in a Japanese shipyard and currently under 
investigation at M.I.T. for measuring and removing out-of- 
plane distortion in panel structures. In summary, the paper 
discusses how a robot will be used to-’ 

1. follow a predetermined path over the top of a 
welded panel, such as a ships deck, and measure the 
out-of-plane distortion, 

2. analyze the measurement readings, by comparing it 
with data obtained previously, to determine what 
type of flame heating to apply in order to remove 
the distortion at each location, 

3. pass over the panel again, this time applying flame 
heating of the appropriate type and velocity to 
remove some or ail of the distortion measured on the 
first pass, 
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Figure 1"7- Panel Structure with Longitudinal and Transverse Stiffeners 




4. repeat steps 1 through 3 until it is determined that 
all undesirable distortion is removed or that human 
assistance is required . 

In order for step 2 of the procedure to be accomplished, 
data that the robot's computer can use must be experimentally 
obtained for each type of metal used. One of the purposes of 
this thesis is to accumulate data for thin mild steel panel 
structures. Once the robot is in operation the data base can 
be continuously updated and improved using data obtained from 
the most recent distortion removal job. 

1.8 Purpose of this Study 

Since there were no previous experimental investigations 
into flame straightening effects on multi-panel welded 
structures, this study represented the first step in that 
direction. The purpose of this study was: 

1. To design and construct system models representing 
multiple panel plate and stiffener joints found in 
ship construction. 

2. To observe the effects of using line flame heating 
to straighten mild steel panel structures containing 
fillet welded angular distortion. 

3. Accumulate data on 1/8 inch and 3/16 inch thick mild 
steel panel structures. In the future, this data is 
to be used by robots in an "expert" system to remove 
panel distortion. 

4. Compare distortion patterns obtained from multi- 
panel structures with those obtained from previous 
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experiments using single panel structures. 

5. Observe the effect line heating one panel has on the 
other eight panels of the stiffened plate 
structures. 

1.9 Parameter Selection 

Mild steel was selected as the material to be 
investigated. It is still used extensively in ship 
construction, relatively inexpensive, and available. Plate 
and stiffener thicknesses of 1/8 inch and 3/16 inch were 
selected for this investigation. These plate thicknesses give 
large angular distortion for the size of panels used and the 
fabrication techniques employed in their construction. 

There were 2 types of specimens used in this 
investigation. One was a fiat square plate with a stiffener 
fillet welded across it's mid span (see Figures 2-1 and 2-2). 
This type of specimen will be referred to as a " f ree-end 
sample". The other type of specimen was a large plate with 
"T" shaped stiffeners welded to one side. The stiffeners were 
welded in a configuration that produced nine (9) panels as can 
be seen in Figure 2-7. This type of specimen will be referred 
to as a "stiffened plate". The stiffened plate configuration 
was selected based on plate and stiffener joint construction 
found on U.S. Naval Ship hulls. However, the dimensions were 
reduced in size for ease in construction and handling within 
the laboratory. The free-end samples were configured as those 
used in previous investigations at M.I.T. 

All specimens were welded in the horizontal position 
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using the gas metai-arc (MIG), DCRP, globular transfer method. 
Shielding gas was 25% carbon dioxide and 75% argon. All 1/8 
inch thick plates were welded using filler wire of size 0.030 
inch. Ail 3/16 inch thick plates were welded with wire size 
0.035 inch. 

Line flame heating was used to remove the angular 
distortion in this study. The torch tip height was maintained 
constant at 3/16 inch for the 1/8 inch thick plate and 1/4 
inch for the 3/16 inch thick plate. The torch velocity was 
varied, providing a variation in energy input for distortion 
removal . 

The radiagraph, shown in Figure 2-16, was used for both 
the free-end samples and the stiffened plates to maintain a 
straight path, control flame velocity, and ensure constant tip 
height while flame heating. 
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CHAPTER TWO 
PROCEDURE 



2. 1 Introduction 

There are three phases to the experimental part of this 
thesis • 

1. Fabrication and angular distortion measurements of 
free-end samples, 

2. Fabrication of the 3/16" and 1/8" stiffened plates, 
and 

3. Measurement of out of plane distortion in the 
stiffened plates. 

The free-end samples (Figures 2-1 and 2-2) were used to 
determine the functional relationship between angular 
distortion removal Cd(ri)] and flame heating velocity Cv] for 
each of the mild steel plates used. This functional 
relationship provided the flame velocity that was used for 
removing angular distortion from the fabricated stiffened 
plates. 

The stiffened plates (Figure 2-7) are models of ship deck 
plates. They contain 9 panels, separated by "T" stiffeners. 
Line heating applied to these plate assemblies, at velocities 
determined by the functional relationship described above, 
removed out of plane distortion. 

The stiffened plates out-of-plane distortion measurements 
were taken using a GIDDING & LEWIS milling device (Figure 2- 
19). The procedure will be described in section 2.4.2. 
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Figure 2-1: FREE-END SAMPLE 
Note: h is either 1/8" or 3/16" thick. 
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Fiqure 2-2: FREE-ENH SAHPLE AND NIC GUN 






This chapter contains a discussion of the procedures used 
in each phase of the experiment along with a description of 
the equipment used to fabricate and measure distortion in the 
free-end samples and stiffened plates. 

2. 2 Description of Specimens 

For each plate thickness (1/8 inch or 3/16 inch) there 
were two types of specimens used (see discussion in section 
1.9 above). The free-end samples were made using 12" x 12" x 
h" plate with a 4" x 12" x h" stiffener fillet welded to the 
middle of the plate. "h" represents the plate thickness, 

either 1/8 inch or 3/16 inch. An example of this type of 
specimen is shown in Figure 2-1. The stiffened plates were 
fabricated using a 74" x 38" x h" plate fillet welded on one 
side to a "T" stiffener assembly, using double fillet welds. 
The stiffeners were welded in a configuration to produce nine 
(9) panels on each plate. An example of this type of 
structure is shown in Figure 2-7. Sections 2.2.1 and 2.2.2 
describes the procedure used during the fabrication of the 
free-end samples and the stiffened plates. 

2. 2. 1 Free-end Samples 

There were five each of the 3/16 and 1/8 inch thick free- 
end samples made that provided useful data for this thesis. 

The plate and stiffener of each sample were made of the same 
thickness of mild steel, either 1/8 or 3/16 inch. Appendix C 
provides data on each of the free-end samples. These samples 
were used to determine the relationship between angular 
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diiitor t ion removed. d(ri), during each line heating pass and 
flame heating velocity, v. See Figures 2-17 and 2-18. 

2.2.2 Stiffened Plates 

The 1/8 inch and the 3/16 inch thick stiffened plates 
were both fabricated to the same dimensions. They only 
differed in plate and stiffener thickness. In the 3/16 inch 
sample the "T" stiffeners and plate were made of 3/16 inch 
thick plating, while the 1/8 inch sample was made of 1/8 inch 
thick plating. 

The "T" stiffeners were fabricated into a 4 transverse 
by 4 longitudinal matrix, that was 36" wide by 72" long (see 
Figures 2-3, 2-4, and 2-5), and then welded to the plate, 

which was 38" wide by 74" long (see Figures 2-6 and 2-7). The 
plate was cut 2" longer and 2" wider than the web assembly so 
that the outer stiffeners could be welded to the plate on both 
sides, thus providing double fillet welds on all stiffeners. 

The "T" stiffeners were fabricated using intermittent 
welds. The stiffener assembly was then welded to the plate 
using continuous welds. See section 2.3 for the welding 
procedures used. 

2.3 Welding Procedure 

This section will discuss the welding equipment used, 
followed by the welding procedures used for fabricating the 
free-end samples and the stiffened plates. Both the 1/8 inch 
and the 3/16 inch specimens were welded using the same 
procedure, with any exceptions specifically noted. 
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Figure 2-3: FABRICATING STIFFENER m COHPLEX FOR STIFFENED PLATE. 
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Figure 2-4: STIFFENER MEB ASSEHBLY 
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Figure 2-6: BOTTOH VIEB OF STIFFENED PLATE PRIOR TO LINE HEATING. 
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2. 3. 1 Welding Equipment 

All welding was performed using the following AIECO 
welding machine (Figure 2-8): 



The shielding gas was a 25% carbon dioxide 75% argon 
mixture. The flow rate was maintained at 20 CFH while welding 
the 1/8 inch thick specimens and 40 CFH while welding the 3/16 
inch specimens. 

All welds were single pass double fillet welds using the 
MIG, DCRP, globular transfer method. All welding was done in 
the horizontal position. 

The welding parameters were chosen to provide the maximum 
amount of angular distortion for the given plate thickness. 
Watanabe and Satoh C17] experimentally determined the 
relationship between angular distortion tdl and the heat input 
parameter CQ/(h-»h)], shown in Figure 2-9. This graphical 
relationship was used, by the author, to determine the 
parameters (voltage (V), current (I), and flame velocity (v)) 
that would give maximum angular distortion during welding. 
Appendix C contains the Q/(h#h) values estimated for each 
sample. 



MODEL: 
STOCK NO. 
SERIAL NO 



2.5 DTR-224-A 

1346-5051 

0509668 



PRIMARY VOLTAGE: 
PRIMARY CURRENT: 
KW: 

KVA: 

FREQUENCY: 
SECONDARY VOLTAGE: 
SECONDARY CURRENT: 
MAX. O.C.V.: 

DUTY CYCLE: 



208/230/460 
33/30/15 
11. 4 
11. 9 

60Hz, 3-PHASE 
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100 % 
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Figure 2-9: ANGULAR DISTORTION, d, 
PARAMETER, Q/h*- 



vs HEAT INPUT 
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2.3.2 Free-end Samples (See Figure 2-1) 

There were five 3/16 inch thick free-end samples made 
(See appendix C) that provided useful data for this thesis. 

The plate and stiffeners were made of 3/16 inch thick mild 
steel. The plates were all 12" x 12" x 3/16". The stiffeners 
were all 4" x 12" x 3/16". The stiffeners were centered on 
the plates and tack welded. All stiffeners were then welded 
on one side from right to left. After all samples were given 
some time to cool the second side of each stiffener was fillet 
welded from right to left. This provided a similar heat flow 
pattern for both sides of the sample. The average welding 
velocity for all five samples was 14.12 in/min (35.86 cm/min). 
The average weld size (Df) was 0.17332 inches (approx. 11/64 
inch). See Figure 2-10 for the definition of Df. The samples 
were welded at 21.8 volts and 157 amps., which [according to 
Watanabe and Satoh] gave the optimum angular distortion for 
the given plate thickness. 

There were also five 1/8 inch thick free-end samples made 
that provided useful data. The plate and stiffeners were made 
of 1/8 inch thick mild steel. The fabrication procedure used 
on these samples was the same as that used for the 3/16 inch 
sample, with the following exception. To prevent buckling, 
all welds were made from the middle of the sample out towards 
the edges. The welding sequence is shown in Figure 2-11. 

Reid passes No. 1 and 2 were completed on all samples and than 
passes No. 3 and 4 were accomplished. This gave each sample 
time to cool prior to the last two passes. This procedure 
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Figure 2-10: DEFINITION OF WELD SIZE (D£) 
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Figure 2-11: MELDING SEQUENCE FOR 1/8" THICK FREE-END 
SAMPLES 
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provided samples with minimum buckling distortion, 
average welding velocity for all five samples was 16.54 in/min 
(42.02 cm/min). The average weld size (Df) was 0.105 inches 
(approx. 7/64 inch). All welds were made at 19 volts and 100 
amps, which gave the optimum angular distortion for the given 
plate thickness. 



2.3.3 Stiffened Plates 

The sequence for fabricating the stiffened plates was as 
follows: 

1. The "T" stiffeners were fabricated. All webs were 
welded together, using continuous welds, producing 
the web assembly (Figures 2-3 and 2-4). The flanges, 
which were 2 inches wide, were then welded to the web 
assembly using intermittent welds. This produced the 
stiffener assembly (Figure 2-5). 

2. The stiffener assembly was then centered on the 
plate, tacked, and welded using continuous welds 
(Figure 2-6 ) . 

Both stiffened plate assemblies were welded using the 
same procedure. However, there was a different approach used 
during the final step described above. For the 3/16 inch 
plate the sequence shown in Figure 2-12 was used while the 
sequence in Figure 2-13 was used while welding the 1/8 inch 
stiffener assembly to it's plate. The procedure used on the 
1/8 inch plate was recommended by Mr. Fred E. Ingerson C273 to 
minimize buckling distortion, by minimizing residual stress 
build up, when welding very thin plates. A random fillet weld 
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Figure 2-12*- 



WELDING SEQUENCE USED TO WELD 3/16“ 
STIFFENER ASSEMBLY TO 3/16" PLATE 
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Figure 2-13: WELDING SEQUENCE USED TO WELD 1/8" "T" 

STIFFENER ASSEMBLY TO 1/8" PLATE 
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S'!? quiei'iCi? was used but welding was started close to the middle 
of the plate and always welded towards the edge. Also, the 
length of each weld was limited to 6 inches to limit heat 



build up, thus minimizing thermal 

The 3/16 inch model was welded with the 
parameter settings: 



following 



voltage: 

current: 

filler wire diameter: 
filler wire speed: 
turns setting: 
tap slope setting: 
shielding gas flow rate: 
welding velocity: 

The 1/8 inch model was wel 

parameter settings-’ 

voltage: 
current : 

filler wire diameter: 
filler wire speed: 
turns setting: 
tap slope setting: 
shielding gas flow rate: 
welding velocity: 



23. 5 

135 amps 

0. 035 inches 

between settings 5 and 6 

28.75 

No. 8 

40 CFH 

approx. 14in/min (35.6cm/min) 
ed with the following 



19 

105 amps 

0. 030 inches 

between settings 5 and 6 

23 

No. 6 

20 CFH 

approx. 16.5in/min (42cm/min) 



2. 4 Experimental Procedure 

This section describes the procedure used to: 

1. determine the functional relationship between the 
angular distortion removed Cd(ri)] and the flame 
straightening velocity (v) used during line heating 
of the free -end samples, 

2. measure out-of-plane distortion CD(i,j)] in the 
stiffened plates, and 

3. apply line heating to the stiffened plate. 
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2.4.1 Experimental Determination of the d(ri) vs. v 
Relationship 

After the free-end samples were welded, out-of-plane 
distortion measurements CH] were taken using the calipers 
shown in Figure 2-14. The free-end samples were clamped to a 
calibrated flat surface and three out-of-plane distortion CH] 
readings were taken along the raised edge. The sample was then 
rotated 180 degrees reclamped and three more distortion 
i^'53dings were taken. The average out-of-plane distortion 

after welding CH(aw)] was then calculated for each sample and 
used by the following equation 

d(w) = 0.5«arctan CCH(aw) - h>/-C0.5»L>] 
where, d(w) = angular distortion after welding 

h = plate thickness 

L = plate width 

to determine the angular distortion produced at the stiffener 
do to the double fillet weld. See Figure 2-15 for a pictorial 
description. Values calculated for each sample are found in 
Appendix C under "A. After Welding". 

The samples were next attached to a flat welding table 
and line heated, on the back side of the fillet weld, using an 
oxyacetylene torch connected to a radiagraph cart (see Figure 
2-16). Each sample was line heated at a different velocity. 
The radiagraph contains a variable speed control that ranges 
from 5.0 in/min at setting "A" to 47.0 in/min at setting "W". 
The velocities used were distributed through this range, with 
the slowest velocity fast enough to prevent the metal surface 
from melting while heating. The actual velocities used for 
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d = 0.5 * arctan 0(H - h)/(0.5 » L)> 



Figure 2-15: ANGULAR DISTORTION DEFINITION FOR 

FREE-END SAMPLES 
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each of the samples are given in Appendix C under “B. After 
First Flame Heating Pass". 

For all line heating the gas pressures, torch height, and 
method o f attaching the sample to the heating table were 
constants. 

The 3/16 inch thick samples were line heated under the 
following conditions! 



The 1/8 inch thick samples were all line heated under the 
following conditions! 



tip style # 91 
tip size # 3 

After line heating, out-of plane distortion readings 
CH(al)] were again taken as described above (Figure 2-14), 
angular distortion after the first heating pass Cd(al)] was 
calculated (see equation in Appendix C), and angular 
distortion removed during the first heating pass Cd(rl)], 
d(rl) = d(w) - d(al)] was calculated. These values are 
recorded in Appendix C under the heading "B. After the First 
Flame Heating Pass". Each sample was then heated a second 
time, at the same velocity as their first pass, and distortion 
readings CH(a2) measured, d(a2) calculated, and d(r2) = d(al) 

- d(a2) calculated] were recorded in Appendix C under "C. 



torch height! 
oxygen (02) pressure! 
acetylene (C2H2) pressure! 
torch! 



1/4 inch 
5 psig 
5 psig 

ARCO style 4890 
tip type # 144 
tip size # 5 



torch height! 
02 pressure! 
C2H2 pressure! 
torch! 



3/16 inch 
3 psig 
3 psig 

ARCO style 0400 
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After The Second Flame Heating Pass". 

Based on this data Figures 2~17 and 2~18 were plotted. 
These graphs provide the needed relationships between angular 
distortion removal Cd(ri] and flame heating velocity Cv] for 
mild steel which was used to remove the out-of- plane 
distortion in the stiffened plates. d(r3) and d(r4), in 
Figure 2-18, were assumed functions based on the relationship 

between d(rl) and d(r2), and from previous research results 
C5, 26]. 



2.4.2 Measurement of Out-of-Plane Distortion in the Stiffened 
Plates 

Out-of-plane distortion [D(i, j)] measurements of the 
stiffened plates were made after welding and after each flame 
straightening pass. The GIDDING a LEWIS milling device shown 
in Figure 2-19 was used. The mill arm, extended and locked 
into position, held the dial gauge/indicator (range -0.500 to 
0.500 inch, with markings at 0.001 inches, and accuracy of 
0.001 inches) used to measure out-of -plane distortion (Figure 
2-20). The stiffened plate was clamped to the table so that 
it did not move relative to the table during machine 
operation. The tables vertical measured accuracy was within 
0.002 inches. The table was then moved in, out, left, or 
right; which carried the stiffened plate under the dial 
indicator where measurements were taken. 

The dial indicator was zeroed at a reference point. All 
distortion measurements were then taken relative to this 
reference point. A grid system was established as shown in 
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I u re 2-17: 3 / 16” S A M P LES 

DISTORTION REMOVED vs HEATING VELOCITY 
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INVERSE OF LINE HEATING VELOCITY [1 

□ d(r1) <> y(f2) 
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INVERSE OF LINE HEATING VELOCITY [1/v'] 
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Figure 2-19i GID&ING S LEyiS HILLING DEVICE USED TO HEASURE OUT-QF-PlAHE 
DISTORTION OF THE STIFFENED PLATES. 
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Figure 2-20: SET UP FOR OUT-OF-PLANE CISTROTION, HEASUREHEKT OF 

STIFFENED PLATE. 
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Figures 2 2u and 2-21. Distortion measurements could then be 
taken at the intersection of each of the grid lines by moving 
the table under the dial indicator. 

Two sets of distortion readings were taken using the 3/16 
inch thick stiffened plate, prior to any flame heating. The 
indicated deflections never changed more than 0.003 inches, 
thus all readings taken were assumed to be accurate to within 
0.003 inches. 

The first 7 sets of deflection readings were taken at 
each of the grid intersections shown in Figure 2-21. The 
remaining sets of deflection readings had distortion 
measurements recorded every 2 inches on the stiffener lines 
and on the mid panel lines only. (See Figure 2-22) The 
reduction in the number of readings was do to time and cost 
restraints. 



2.4.3 Stiffened Plate Straightening Technique 

Each plate contained 9 panels and was labeled as shown in 
Figure 2-23. One panel was line heated during a flame heating 
session. The radiagraph and parameter settings used for line 
heating the free-end samples, as presented in section 2. 4. 1 
above, were also used on the plates. Line heating was applied 
along each of the four stiffeners, at a distance of one fillet 
weld width CDf] towards the panel side of the stiffener (see 
the broken lines in panel 5 of Figure 2-23). Next, readings 
on the entire plate were taken and recorded. The next panel 
was then flame heated and measured. This procedure was 
repeated until all panels were heated once and most panels 
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ci c: H hH o o r* 



TRANSVERSE 




D(t,L) = distortion at grid crossing (t,L) 
t = transverse spacing 
L = longitudinal spacing 

[Example, see D(6,2) above] 

Figure 2-21: MEASUREMENT GRID ON TOP SURFACE OF STIFFENED PLATE 
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Figure 2-22: MEASUREMENT GRID CONTAINING STIFFENER LINES 
AND MID PANEL LINES ONLY. 
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Figure 2-23: PANEL NOMENCLATURE USED IN THIS PAPER 
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were heated twice. 

For the 3/16 inch thick plate, the first panel heated was 
#5, followed in order by #4, #2, #8, #6, #1, #7, #3, and #Y. 
The order of heating for the second pass and for the line 
heating passes on the 1/8 inch thick plate are as indicated in 
Tables 2-1 and 2-2. 

Line heating was always applied in a direction away from 
the center of the plate, to reduce the amount of residual 
stress build up. The direction that line heating was applied 
on each of the panels is shown by arrows in Figures 2-24 and 
2-25. The order of applying line heat, while heating each 
panel, is indicated by the numbers next to each of the lines 
found in Figures 2-24 and 2-25. For example, when line 
heating panel #8 on the 3/16 inch thick plate (Figure 2-24) 
the first line heating pass was directed from J to K at a 
distance Df from the stiffener. The second heating was from J 
to N, the third from K to 0, and the last from N to 0. Note 
that all line heating paths are directed, as much as possible, 
away from the center of the plate. 

2. 4. 3.1 Calculation of Line Heating Velocity 

The procedure followed in this section is based on the 
assumption that the middle strip of panel, in both the 
longitudinal and transverse direction, behaves as if it were 
unrestrained. That is, it reacts to line heating similar to 
the free-end samples discussed above. Thus, to determining 
the line heating velocity, the angular distortion at mid panel 
is measured and this value is entered into the appropriate 
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TABLE 



1 



ORDER OF APPLYING 


LINE 


HEAT TO THE 3.- 


'16" STIFFENED PLATE 


SEQUENCE 




1ST PASS 


2ND PASS 


1ST 


1 

1 

1 


1 

5 1 

I 


5 


2ND 


1 

1 

1 


1 

4 1 

1 


b 


3RD 


1 

1 

( 


1 

1 




4TH 


1 

1 

1 


1 

8 1 
1 


8 


5TH 


1 

1 

1 


1 

6 1 
t 


1 


6TH 


1 

1 

1 


1 

1 1 
1 


3 


7TH 


1 

1 

I 


1 

7 1 

1 


7 


8TH 


1 

1 

1 


1 

3 1 

1 


9 


•?TH 


I 

1 


1 

9 1 





NOTE: PANEL #4 WAS NOT LINE HEATED ON THE SECOND PASS. 
[PANEL #4 HAD EXCESS BUCKLING] 
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TABLE 



ORDER OF APPLYING LINE HEAT TO THE 1/8" STIFFENED PLATE 
SEQUENCE 1ST PASS 2ND PASS 3RD PASS 4TH PASS 



1ST 1 

1 


5 


1 

1 


5 


1 

1 


1 




1 

2ND 1 

1 


4 


1 

1 

1 


4 


1 

1 

1 


7 




1 

3RD 1 

1 


6 


1 

1 

1 


1 


1 

1 

1 






1 

4TH 1 

1 


2 


1 

1 

1 


7 


1 

1 

1 






1 

5TH 1 

1 


8 


1 

1 

1 




1 

1 

1 






1 

6TH 1 

1 


3 


1 

1 

1 




1 

1 

1 






1 

7TH 1 

1 


1 


1 

1 

1 




1 

1 

1 






1 

8TH 1 

1 


/ 


1 

1 

1 




1 

1 

1 






1 

9TH 1 


9 


1 

1 




1 

1 







NOTE: After the first pass panels #2, #3, #6, and #8 had 

minimal out-of-plane distortion remaining or buckled and were 
thus not line heated on the following heat passes. Panel #9 was 
damaged while measuring the plate after heating panel #5 the 
second time and was thus not heated again. Panels #7 and #1 were 
ach heated 4 times. On the first pass their out-of-plane 
istortion increased, due to excessive heat energy added, and 
passes two, three, and four were accomplished at speeds greater 
than the critical velocity to see if distortion could be removed. 
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NOTE: The arrows indicate the direction of applying 
line heat and the numbers next to each arrow 
signifies the sequence of applying heat to 
each panel. 

Figure 2-24: 3/16" PLATE LINE HEATING PATTERN 
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NOTE: The arrows indicate the direction of applying 
line heat and the numbers next to each arrow 
signifies the sequence of applying heat to 
each panel. 

Figure 2-25: 1/8" PLATE LINE HEATING PATTERN 
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graph (Figure 2-17 or 2-18) to obtain the line heating 
velocity for that pass. 

The velocity of the radiagraph for each line heating run 
was calculated based on the out-of-plane distortion 
measurements obtained during the previous recording session . 
Refer to Figure 2-26 for deflection readings and Figures 2-27 
and 2-28 for graphs of the mid panel line deflections used in 
the following discussion. Figure 2-26 contains the after 
welding out-of-plane distortion readings recorded for panel #5 
of the 3/16 inch thick plate. In other words, this is the 
data used when calculating the velocity for removing 
distortion in panel #5 when heating panel #5 for the first 
pass. This data is also found in Appendix D. The steps used 
for calculating the line heating velocities for each pass are 
as follows! 

1. Calculate the reference angle. This is the slope of 
the panel from one side stiffener to the other side 
stiffener. There are two reference angles, one 
longitudinal and one transverse. The reference angles 
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Figure 2-26: OUT-OF-PLANE DISTORTION READINGS TAKEN ON PANEL H5 OF THE 
3/16" STIFFENED PLATE AFTER WELDING. MEASUREMENTS ARE IN 
THOUSANDTHS OF AN INCH. 
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Figure 2-29: 



ANGLE NOMENCLATURE FOR THE LONGITUDINAL 
MID-PANEL LINE OF PANEL #5 
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parentheses, were used for all line heating passes. 
For the panel #5 example, the reference angles are 



d(rL5) = 


arctan f(-.011 - C.016])/24} 
-0.001125 rad 


d(rt5) = 


arctan {(.018 - C-.004])/12} 
0.001833 rad 



2. Calculate the angular deflection of the mid panel 
lines at each of the stiffeners, referenced to 
horizontal (angle d(FGL5) and d(JKL5) in Figure 2- 
2'?). The angular deflections for panel #5 are 



d(FGL5) = 


= longitudinal angular deflection at 

stiffener FG on the panel #5 side of the 
sti f fener 


d(FGL5) = 


= arctan {(-.015 - [.016])/2> 
= -.015499 rad 


d(JKL5) = 


: longitudinal angular deflection at 

stiffener JK on the panel #5 side of the 
stiffener 


d(JKL5) = 


= arctan {(.031 - [.011])/2> 
: . 0099997 rad 


d(FJt5) = 


= transverse angular deflection at 

stiffener FJ on the panel #5 side of the 
stiffener 


d(FJt5) = 


: arctan {(-.033 - C-.004])/2> 
= -.014499 rad 


d(GKt5) = 


= transverse angular deflection at 

stiffener GK on the panel #5 side of the 
stiffener 


d(GKt5) = 


= arctan {(.018 - C-.018])/2> 



= . 0179981 rad 

The same equations, with appropriate stiffeners 
designated in parentheses, were used for all line 
heating passes. 

3. Calculate the angular deflection that needs to be 

7li 



removed at each stiffener, related to the reference 
angle. Angle d(FG5) and d('JK5) in Figure 2-29. The 
calculations for these angles are 

d(FG5) = angular deflection at mid panel on the 
panel #5 side of stiffener FG 

d(FG5) =AESM(FGL5) - d(rL5)> 

=AES<-. 015499 - C-.0011253> 

= 0. 0143738 rad 

d(JK5) = angular deflection at mid panel on the 
panel #5 side of stiffener JK 

d(JK5) =AES0d(JKL5) - d(rL5)> 

=ABS<. 0099997 - C-. 001125]} 

= 0. 0111247 rad 

d(FJ5) = angular deflection at mid panel on the 
panel #5 side of stiffener FJ 

d(FJ5) =ABStd(FJt5) - d(rt5)> 

=AESC-. 014499 - C. 001833]} 

= -0. 01633 rad 

d(GK5) = angular deflection at mid panel on the 
panel #5 side of stiffener GK 

d(GK5) =AESid(GKt5) - d(rt5)} 

=ABS{. 0179981 - C. 001833]} 

= 0.016165 rad 

The same equations, with appropriate stiffeners 
designated in parentheses, are used for all line heating 
passes. 

4. Calculate the velocities that must be used to remove 
80 % of the angular deflection. Because of 
uncertainties in the angular deflection formulas 
used, only 80% of the angular deflection value 
calculated was used to determine the line heating 
velocity. The formula used to calculate the 
velocities are derived from the d(rl) and d<r2) 
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curves of Figures 2-17 and 2-18 and are given below. 
Velocity formula for the first line heating pass. 

a. C3/16 inch plate] 

v(l) = 0. 404784/ (. 8*d(rl) + 0.00633) 

b. Cl/8 inch plate] 

v(l) = 0. 184815/( . 8#d(rl) + 0.00197) 
where, d(rl) and v(l) are the angular deflection 
that is to be removed and the line heating velocity 
required, respectively, for the panel and stiffener 
in question. (For this example, d(rl) = d(FG5) or 
d(JK5) or d(FJ5) or d(GK5), and v(l) = v ( FG5 ) or 
v(JK5) or v(FJ5) or v ( GK5 ) , depending upon which 
stiffener is being calculated) 

Velocity formula for the second line heating pass. 

c. C3/16 inch plate] 

v(2) = 0. 3359707/( . 8*d( r2) + 0.0052539) 

d. Cl/8 inch plate] 

v(2) = 0. 147852/( . 8*d(r2) + 0.001576) 
where, d(r2) and v(2) are the angular deflection 
that remains to be removed during the second line 
heating pass and the line heating velocity 
required, respectively, for the panel and stiffener 
in question. 

Velocity formula for the third and fourth line 
heating pass. (1/8" plate only) 

e. v(3) = 0. 1182816/( . 8*d(r3) + 0.0012608) 

f. v(4) = 0. 0946258/( . 8»d(r4) + 0.0010086) 
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As an example, to calculate the velocity required, for 
the first line heating pass, along stiffener FG on the 
panel #5 side of the 3/16 inch plate; use equation "a" 
with v(i) = v(FG5) and d(rl) = d(FG5). So: 

v(FG5) = 0. 40784/ {. 8*0. 0143738 + 0.00633) 

= 22.88 in/min 

Tables 2-3 through 2-7 contain the calculated velocities 
that were applied while heating the panels. These velocities 
were based on the d(ri) versus v relationship of Figures 2-17 
and 2-18. 

The results of the investigation are found in Chapter Three 
and a discussion of these results follows in Chapter Four. 
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TABLE 2-3: PARAMETERS AND CALCULATED LINE HEATING 

VELOCITIES USED DURING THE FIRST HEATING 
PASS ON THE 3/16" STIFFENED PLATE * 



HEATING 

PATH 

CabiD 


REFERENCE 
ANGLE, 
d( rci ), 
in rad. 


ANGULAR 
DEFLECTION 
d( abci ) 
in rad. 


* 

d(abi) 
in rad. 


.8 M d( abi ) 
in rad. 


CALCULATED ACTUAL 
VELOCITY VELOCITY 
v( abi ) v( act ) 

in/nin in/win 


FG5 


-0.001125 


-0.015499 


0.0143738 


0.011499 


22 . 7 


7.7 


KJ5 


-0.001125 


0.009999 


0.0111247 


0.088998 


26 . 6 


9.6 


JF5 


0.001833 


-0.014499 


0.0163323 


0.013066 


20.9 


6.9 


KGS 


0.001833 


0.017981 


0.016165 


0.012932 


21.0 


7.0 


FE4 


-0.000083 


-0.014999 


0.0149155 


0.011932 


22 . 2 


7.0 


JI4 


-0.000083 


0.013499 


0.0135825 


0.010866 


23.5 


8.0 


EI4 


0.005708 


-0.006500 


0.0122082 


0.009767 


25.1 


7.4 


FJ4 


0.005708 


0.015749 


0.0100404 


0.008032 


28.2 


7.5 


CB2 


-0.000979 


-0.016748 


0.0157693 


0.012515 


21.4 


7.6 


GF2 


-0.000979 


0.009499 


0.0104789 


0.008383 


27.5 


9.8 


FB2 


-0.001417 


-0.019498 


0.0180809 


0.014465 


19.5 


7.0 


GC2 


-0.001417 


0.021997 


0.0234131 


0.018731 


16.2 


7.6 


JK8 


0.002354 


-0.008250 


0.010604 


0.008483 


27.3 


10.4 


NOB 


0.002354 


0.007999 


0.005646 


0.004517 


37.3 


14.6 


JN8 


-0.001333 


-0.017498 


0.016165 


0.012932 


21.0 


8.2 


K08 


-0.001333 


0.012499 


0.013833 


0.011066 


23.3 


9.9 


GH6 


0.00125 


-0.016998 


0.018248 


0.014599 


19.3 


7.8 


KL6 


0.00125 


0.013999 


0.012749 


0.010199 


24.5 


8.8 


GK6 


0.004333 


-0.008750 


0.013083 


0.010467 


24.1 


7.7 


LH6 


0.004333 


0.021497 


0.017163 


0.013731 


20.2 


7.3 


BAl 


-0.001542 


-0.013499 


0.011958 


0.009566 


25.5 


8.2 


FEl 


-0.001542 


0.004 


0.005542 


0.004433 


37.6 


14.4 


EAl 


-0.004166 


-0.018498 


0.014331 


0.011465 


22.7 


9.0 


FBI 


-0.004166 


0.009499 


0.013666 


0.010933 


23.4 


8.7 


JI7 


0.003417 


-0.005 


0.008417 


0.006733 


31.0 


13.4 


NM7 


0.003417 


0.012999 


0.009583 


0.007666 


28.9 


13.5 


IM7 


-0.00075 


-0.014999 


0.014249 


0.011399 


22.8 


12.0 


JN7 


-0.00075 


0.009999 


0.010749 


0.008599 


27.1 


12.6 


CD3 


-0.009499 


-0.022996 


0.013496 


0.010797 


23.6 


11.9 


GH3 


-0.009499 


-0.002 


0.007499 


0.005999 


32.8 


13.7 


GC3 


0.011333 


-0.001 


0.012333 


0.009866 


25.0 


12.6 


HD3 


0.011333 


0.025994 


0.014661 


0.011729 


22.4 


11.5 


KL9 


0.003542 


-0.005 


0.008542 


0.006833 


30.8 


13.6 


0P9 


0.003542 


0.018498 


0.014956 


0.011965 


22.1 


11.1 


K09 


0.001583 


-0.016499 


0.018082 


0.014466 


19.5 


11.4 


LP9 


0.001583 


0.019498 


0.017914 


0.014331 


19.6 


11.4 


t Heating paths are 


listed by 


panels and in the sequen 


ice by whi 


ch the 



panels were line heated. 
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TABLE 2-4: PARAMETERS AND CALCULATED LINE HEATING 
VELOCITIES USED DURING THE 2ND HEATING 
PASS ON THE 3/lS" STIFFENED PLATE * 



HEATING 

PATH 

CabiO 


REFERENCE ANGULAR 
ANGLE, DEFLECTION, 

d(rci), d( abci ) 

in rad. in rad. 


d( abi ) 
in rad. 


. 8 d( abi ) 

in rad. 


CALCULATED 
VELOCITY 
v( abi ) 
in/nin 


1 ACTUAL 
VELOCITY 
v( act ) 
in/nin 


FG5 


-0.00075 


-0.013499 


0.0127492 


0.010199 


21.7 




22. 2 


KJ5 


-0.00075 


0.007999 


0.0087498 


0.069999 


27.7 




27.7 


JF5 


0.000417 


-0.016499 


0.0167152 


0.013532 


17.9 


H 


19.2 


KG5 


0.000417 


0.011499 


0.0110828 


0.003866 


23.8 




24.3 


GH6 


-0.001638 


-0.017998 


0.016311 


0.014599 


13.4 




19.7 


KL6 


-0.001688 


0.015748 


0.017436 


0.013949 


17.5 


M 


19.5 


GK6 


0.004625 


-0.002250 


0.006875 


0.0055 


31.2 




31.4 


LH6 


0.004625 


0.019498 


0.014873 


0.011898 


19.6 




19.7 


CB2 


-0.009499 


-0.024995 


0.0154951 


0.012396 


19.0 




19.8 


GF2 


-0.009499 


-0.001 


0.0084997 


0.006799 


27.9 




28.5 


FB2 


-0.001083 


-0.013499 


0.0124158 


0.009933 


22 . 1 




22.2 


GC2 


-0.001083 


0.017998 


0.0190814 


0.015265 


16.4 




19.8 


JK8 


0.006625 


0.000000 


0.006625 


0.005300 


31.8 




32.2 


NOS 


0.006625 


0.007500 


0.000375 


0.0007 


56.4 


0 




JN8 


-0.001333 


-0.005499 


0.003667 


0.002933 


41.0 




42.0 


K08 


-0.001833 


0.0025 


0.004333 


0.003467 


38.5 




39.3 


BAl 


-0.009958 


-0.021997 


0.012038 


0.009631 


22.6 




23.4 


FEl 


-0.009958 


-0.005750 


0.004208 


0.003367 


39.0 




39.2 


EAl 


-0.004166 


-0.015999 


0.011832 


0.009466 


22.3 




23.0 


FBI 


-0.004166 


0.0035 


0.007666 


0.006133 


29.5 




29.4 


CD3 


-0.011166 


-0.019997 


0.008831 


0.007065 


27.3 




28.0 


GH3 


-0.011166 


-0.008999 


0.002166 


0.001733 


48.1 




46.7 


GC3 


0.011666 


0.009499 


0.002166 


0.001733 


48.1 




46.6 


HD3 


0.011666 


0.021997 


0.010330 


0.008264 


24.9 




24.8 


JI7 


0.006958 


0.003 


0.003958 


0.003166 


39.9 




40.5 


NM7 


0.006958 


0.010999 


0.004041 


0.003233 


39.6 




40.0 


IM7 


-0.001833 


-0.010499 


0 . 008666 


0.006933 


27.6 




27.8 


JN7 


-0.001833 


0.0025 


0.004333 


0.003467 


38.5 




39.8 


KL9 


0.006375 


0.005750 


0.000625 


0.005 


58.4 


0 




0P9 


0.006375 


0.018498 


0.012123 


0.009698 


nn c; 

A* aL ■ W 




23.0 


K09 


0.001208 


-0.006999 


0.008208 


0.006567 


28.4 




23.2 


LP9 


0.001208 


0.012999 


0.011791 


0.009433 


22.9 




23.0 


t Heating paths are listed by 


panels and 


in the sequence by which the 



panels were line heated. 

Velocity to slow, therefore used MiniMun velocity of 19 in/nin 
0 Velocity to fast. The radiagraph has nax speed of 47 in/nin. 
Therefore, this line was not heated. 
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TABLE 2-5: PARAMETERS AND CALCULATED LINE HEATING 

VELOCITIES USED DURING THE FIRST HEATING 
PASS ON THE 1/8" STIFFENED PLATE t 



HEATING 

PATH 

CabiO 


REFERENCE 
ANGLE, 
d( rci ), 
in rad. 


ANGULAR 
DEFLECTION 
d( abci ) 
in rad. 


d( abi ) 
in rad. 


.8 d(abi) 

in rad. 


CALCULATED 
VELOCITY 
v( abi ) 
in/tiin 


ACTUAL 
VELOCITY 
v( act ) 
in/hin 


FG5 


-0.000958 


-0.006500 


0.0055416 


0.004433 


28.9 


29.8 


KJ5 


-0.000958 


0.003000 


0.0039583 


0.003167 


36.0 


35.8 


JF5 


0.005375 


-0.010750 


0.0161245 


0.012899 


12.4 


12.4 


KG5 


0.005375 


0.019498 


0.0141226 


0.011298 


13.9 


14.1 


FEA 


-0.001625 


-0.021997 


0.0203715 


0.016297 


10.1 


11.3 


JI4 


-0.001625 


0.004000 


0.0056250 


0.004500 


28.6 


29.5 


EI4 


0.008916 


0.001000 


0.0079164 


0.006333 


22.3 


22.5 


FJ4 


0.008916 


0.013999 


0.0050827 


0.004066 


30.6 


31.0 


GH6 


0.000958 


-0.009999 


0.010958 


0.008766 


17.2 


17.6 


KL6 


0.000958 


0.006999 


0.006042 


0.004833 


27.1 


27.9 


GK6 


0.004667 


0.002 


0.002667 


0.002133 


45.0 


45.2 


LH6 


0.004667 


0.008999 


0.004333 


0.003467 


34.0 


34.4 


CB2 


0.005708 


0.012999 


0.007291 


0.005833 


23.7 


23.6 


GF2 


0.005708 


0.005999 


0.0117082 


0.009367 


16.3 


16.5 


FB2 


0.003167 


0.005 


0.0018333 


0.001467 


53.8 


47.1 


GC2 


0.003167 


0.005 


0.0018333 


0.001467 


53.8 


47.3 


JK8 


not heated 


, already 


over correc 


:ted 






NOS 


not heated 


already 


over correc 


:ted 






JN.8 


0.009958 


0.005 


0.004958 


0.003966 


31.1 


31.1 


K08 


0.009958 


0.015249 


0.005291 


0.004233 


29.8 


30.4 


CD3 


0.007521 


0.002 


0.005521 


0.004417 


28.9 


30.5 


GH3 


0.007521 


0.011500 


0.003979 


0.003183 


35.9 


35.5 


GC3 


0.0005 


-0.011500 


0.012000 


0.009599 


16.0 


16.4 


HD3 


0.0005 


0.011999 


0.011499 


0.009200 


16.6 


16.9 


BAl 


0.002542 


-0.006500 


0.009042 


0.007233 


20.1 


20.4 


FEl 


0.002542 


0.018498 


0.015956 


0.012765 


12.6 


12.6 


EAl 


0.004417 


-0.018248 


0.022665 


0.018132 


9.2 


10.1 


FBI 


0.004417 


0.023746 


0.019329 


0.015463 


10.6 


10.3 


JI7 


-0.005 


-0.024745 


0.019745 


0.015796 


10.4 


11.8 


NM7 


-0.005 


0.008500 


0.013500 


0.010800 


14.5 


14.8 


IM7 


0.01025 


-0.010500 


0.020749 


0.016599 


10.0 


11.6 


JN7 


0.01025 


0.031739 


0.021490 


0.017192 


9.7 


11.9 


KL9 


-0.004125 


-0.007000 


0.002875 


0.002300 


43.3 


44.7 


0P9 


-0.004125 


0.00425 


0.008375 


0.0067 


21.3 


21.8 


K09 


0.002833 


-0.012999 


0.015833 


0.012666 


12.6 


12.5 


LP9 


0.002833 


0.015249 


0.012416 


0.009932 


15.5 


15.9 



* Heating paths are listed by panels and in the sequence by which the 
panels were line heated. 
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TABLE 2-6: PARAMETERS AND CALCULATED LINE HEATING 
UELOCITIES USED DURING THE 2ND HEATING 
PASS ON THE 1/8" STIFFENED PLATE *' 



HEATING 

PATH 

EabiO 


REFERENCE 
ANGLE, 
d( rci ), 
in rad. 


ANGULAR 

DEFLECTION, 

d( abci ) d( abi ) . 8 >; d( abi ) 

in rad. in rad. in rad. 


CALCULATED ACTUAL 
UELOCITY VELOCITY 
v( abi ) v( act ) 

in/min in/nin 


FG5 


not heated 


, already 


over corrected 






KJ5 


not heated 


, already 


over corrected 






JF5 


0.0055S3 


-0.00375 


0.0093333 0.007467 


16.4 » 


18.9 


KGS 


0.005583 


0.017498 


0.0119149 0.009532 


13.3 


19.0 


FE4 


not heated 


, already 


over corrected 






JI4 


not heated 


, already 


over corrected 






EI4 


0.014666 


’ 0.002 


0.0126656 0.010133 


12.6 » 


18.2 


FJ4 


0.014666 


0.005500 


0.0091657 0.007333 


16.6 tt 


19.6 


BAl 


0.0005 


-0.006000 


0.006500 0.005200 


21.8 


19.0 


FEl 


0.0005 


0.013999 


0.013499 0.010800 


12.0 # 


19.1 


EAl 


0.003958 


-0.025245 


0.029203 0.023362 


5.9 # 


20.1 


FBI 


0.003958 


0.026993 


0.023053 0.018443 


7.4 » 


19.6 


JI7 


-0.002792 


-0.023995 


0.021204 0.016963 


8.0 tt 


19.2 


NM7 


-0.002792 


0.014999 


0.017791 0.014232 


9.4 » 


19.5 


IM7 


0.006833 


-0.018498 


0.025331 0.020265 


6.8 # 


19.2 


JN7 


0.006833 


0.033737 


0.026904 0.021523 


6.4 » 


19.0 


K Heating 


paths are 


listed by 


panels and in the sequen 


ce by which 


the 



panels were line heated. 

Velocity to slow, therefore used a MininuM velocity of 19 in/nin. 
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TABLE 2-7; PARAMETERS AND CALCULATED LINE HEATING 
VELOCITIES USED DURING THE 3RD AND 4TH 
HEATING PASS ON THE 1/8" STIFFENED PLATE t 

HEATING REFERENCE ANGULAR CALCULATED ACTUAL 

PATH ANGLE. DEFLECTION. VELOCITY VELOCITY 

EabiO cKrci). cK ataci ) d( abi ) .8 d( abi ) v(abi ) v( act ) 

in rad. in rad. in rad. in rad. in/nin in/nin 



3RD PASS 



BAl 


0.000438 


-0.00625 


0.006688 


0.00535 


17.9 




19.1 


FEl 


0.000438 


0.00575 


0.005313 


0.00425 


21.5 




18.9 


EAl 


0.004 


-0.021 


0.025 


0.02 


5.6 




19.0 


FBI 


0.004 


0.02125 


0.01725 


0.0138 


7.9 


M 


19.0 


JI? 


-0.00275 


-0.015 


0.01225 


0.0098 


10.7 




19.1 


NM7 


-0.00275 


0.0035 


0.00625 


0.005 


18.9 




19.1 


IM7 


0.006667 


-0.0175 


0.024167 


0.019333 


5 . 7 




19.1 


JN7 


0.006667 


0.031 


0.024333 


0.019467 


5.7 




19.2 



4IH PASS 



JI7 


-0.0025 


-0.007 


0.0045 


0.011167 


17.2 




19.1 


NM7 


-0.0025 


0.005 


0.0075 


0.006 


13.5 




19.2 


IM7 


0.006333 


-0.01325 


0.019583 


0.015667 


5.7 




19.2 


JN7 


0.006333 


0.0255 


0.019167 


0 . 015333 


5.7 




19.2 


BAl 


0.000438 


-0.00625 


0.006688 


0.00535 


14.9 


SI 


18.8 


FEl 


0.000438 


0.00542 


0.004979 


0.003983 


19.0 




18.9 


EAl 


0.00375 


-0.014 


0.01775 


0.0142 


6.2 




18.8 


FBI 


0.00375 


0.01575 


0.012 


0.0096 


8.9 




19.0 



t Heating paths are listed bv panels and in the sequence by which the 
panels were line heated. It was assuwed that angular distortion 
renoval effectiveness decreased by the sane % on the 3rd and 4th 
pass as it did on the 2nd pass (i.e. 80%). 

♦♦ Velocity to slow, therefore used a tiiniMUM velocity of 19 in/nin. 
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CHAPTER THREE 



RESULTS 

The results of experiments on the free-end samples and 
the stiffened plates are in the form of tables and graphs. 
Tables 3-1 through 3-9 and Appendixes C through Y contain this 
data. They are discussed below. 

3.1 Presentation of Free-end Sample Data 

Appendix C contains Tables of data obtained from the 
free-end samples. The method of obtaining and the use of this 
data was discussed in sections 2.3.2 and 2.4.1. Section I 
contains the data for the 3/16" thick samples and section II 
contains the data for the 1/8" samples. Figures 2-17 and 2-18 
were plotted using the d(ri) and 1/vi data obtained from 
sections B and C of this appendix. 

3. 2 Presentation of Stiffened Plate Data 
Appendixes D, E, F, and G contain the out-of-plane 

deflection readings for the stiffened plates. Appendix D 
contains deflection data for the 3/16" plate recorded after 
welding and after each panel was line heated the first time. 
The first six sets of data contain deflection measurements 
recorded at each 2 inch increment from point A to point P, see 
Figure 2-21. All other sets of data, in Appendix D and all 
data in Appendixes E, F, and G, contain recorded deflections 
on stiffeners and mid-panel lines only. Refer to the 
discussion in section 2.4.2 and Figure 2-22. 
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Appendix E contains deflection data for the 3/16" plate 
recorded after each panel was line heated the second time. 

Appendix F contains deflection data for the 1/8" plate 
recorded after welding and after each panel was line heated 
the first time. 

Appendix G contains deflection data for the 1/8" plate 
recorded after panels 5, A, 1, and 7 were line heated a second 
time and after panels 1 and 7 were line heated for a third and 
fourth time. 

In appendixes D, E, F. and G the TRANSVERSE and LONGITUDE 
spacing was 2 inches. All deflection readings in the matrixes 
are in thousandths (0.001) of an inches. For example, the 
out-of-plane distortion at 10 inches TRANSVERSE and 2 inches 
LONGITUDE, in the matrix labeled "DISTORTION MEASUREMENTS OF 
3/16" PLATE AFTER WELDING", is -0.075 inches (i.e. 0.075 below 
the reference point). This point is designated D(6,2), in the 
nomenclature, as it is on the 6th line in the TRANSVERSE 
direction and the 2nd line in the LONGITUDE direction. 

3. 2. 1 Graphs of Mid-Panel deflections 

Appendixes H, I. J, K, and L are graphs of the mid-panel 
deflection data recorded in Appendixes D. E, F, AND G 
discussed above. Each appendix has the graphs arranged in the 
following sequence: 

A. Transverse Mid -Pan el Deflections 

1. Panels 1, 2, and 3 

2 . Panels A , 5 , and 6 

3. Panels 7, 8, and 9 
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E. Longitudinal mid-panel deflections 



1. Panels i, 4. and 7 

2. Panels 2. 5, and B 

3. Panels 3, 6. and '? 

Each set of graphs contains up to six plots of mid -panel 
deflection measurements, presented in the order at which each 
panel was line heated and measured. For example, the set of 
graphs titled "3/lfc" PLATE DEFLECTION" for "PANELS ONE, TWO, 
AND THREE" contains plots of mid-panel deflection measurements 
of the 3/16" plate for! 

1. after welding 



2. after line 


heating panel 5 


3. after line 


heating panel 4 


4. after line 


heating panel 2 


5. after line 


heating panel 8 


6. after line 


heating panel 6 


The set of graphs on 


the following page contains plots of 


mid -panel deflection 


measurements for: 


1. after line 


heating panel 1 


2. after line 


heating panel 7 


3. after line 


heating panel 3 


4. after line 


heating panel 9 



These plots are in the order at which the panels were line 
heated as discussed in section 2.4.3 and listed in Tables 2-1 
and 2-2. 

Appendix H contains the graphs of out-of-plane deflection 
readings on the 3/16" plate for after welding and after the 
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first line heating pass of each panel. 

Appendix I contains the graphs of deflection readings 
after the second pass on the 3/16” plate. 

Appendix J, K, and L contains the graphs of deflection 
readings for the 1/8“ plate after the first pass^ second pass, 
and third and fourth pass, respectively. 

3. 2. 2 Actual Angular Distortion Removed from Plates 
Figures 2-17 and 2-18 show the angular distortion versus 

velocity relationship that was used while heating the 
stiffened plates . This relationship was experimentally 
determined using the free-end samples, as discussed in 
sections 2.3.2 and 2.4.1. The actual angular distortion 
versus velocity relationship for each stiffened plate was 
determined by measuring the angular distortion in each panel 
prior to and after each panel was line heated. Tables 3~1 
through 3-5 give these measured distortions and the actual 
angular distortions that were removed after heating a panel. 
The negative values in the last column indicate that angular 
distortion was increased after heating at that stiffener. 
Figures 4-1 through 4-6 were graphed using the data from these 
tables. 

3.2.3 Shape of Panel Distortion 

Appendixes M, N, 0, P, Q, R, S, T, and U contain plots of 
graphs obtained from the first 6 sets of deflection data 
points found in Appendix D • These are the sets of deflection 
readings that contained measurements recorded at every 2 inch 
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TABLE 3-1; ACTUAL ANGULAR DISTORTION REMOVED 

FROM THE 3/16" STIFFENED PLATE DURING 
THE FIRST HEATING PASS t 



HEATING 

PATH 

Cabin 


PRE-HEATING 
ANGULAR DIST 
d( abci )pre 
in rad. 


POST-HEATING 
. ANGULAR DIST. 
d( abci )pC'St 
in rad. 


ACTUAL 
VELOCITY 
v( abi ) 
in/Min 


ACTUAL ANGULAR 
DIST. REMOVED 
d( ri )act 
in rad. 


FG5 


-0.0155 


-0.0075 


7.7 


0.008 


KJ5 


0.0100 


0.0055 


9.6 


0.0045 


JF5 


-0.0145 


-0.0103 


6.9 


0.0042 


KGS 


0.0180 


0.0118 


7.0 


0.0062 


FE4 


-0.0150 


-0.023 


7.0 


-0.008 


JI4 


0.0135 


0.02 


8.0 


-0.0065 


EI4 


“0 . 0065 


0.008 


7.4 


0.0145 


FJ4 


0.0157 


-0.011 


7.5 


0.0267 


CB2 


-0.0167 


-0.018 


7.6 


-0.0013 


GF2 


0.0095 


0.0065 


9.8 


0.003 


FB2 


-0.0195 


-0.019 


7.0 


0.0005 


GC2 


0.0220 


0.0155 


7.6 


0.0065 


JK6 


-0 . 0083 


-0.0005 


10.4 


0.0078 


N08 


0.0080 


0.0045 


14.6 


0.0035 


JN8 


-0.0175 


-0.008 


8.2 


0.0095 


K08 


0.0125 


0.0025 


9.9 


0.010 


GH6 


-0.0170 


-0.011 


7.8 


0.006 


KL6 


0.0140 


0.0245 


8.8 


-0.0105 


GK6 


-0.0088 


-0.005 


7.7 


0.0038 


LH6 


0.0215 


0.0195 


7.3 


0.002 


BAl 


-0.0135 


-0.0225 


8.2 


-0.009 


FEl 


0.0040 


-0.0088 


14.4 


0.0128 


EAl 


-0.0185 


-0.015 


9.0 


0.0035 


FBI 


0.0095 


0.0053 


8.7 


0.0042 


JI7 


-0.005 


0.0025 


13.4 


0.0075 


NM7 


0.0130 


0.009 


13.5 


0.004 


IM7 


-0.0150 


-0.010 


12.0 


0.005 


JN7 


0.0100 


0.0025 


12.6 


0.0075 


CD3 


-0.0230 


-0.0195 


11.9 


0.0035 


GH3 


-0.0020 


-0.0055 


13.7 


0.0035 


GC3 


-0.0010 


0.0055 


12.6 


0.0065 


HD3 


0.0260 


0.0203 


11.5 


0.0057 


KL9 


-0.005 


0.0038 


13.6 


0.0088 


0P9 


0.0185 


0.015 


11.1 


0.0035 


K09 


-0.0165 


-0.0078 


11.4 


0.0087 


LP9 


0.0195 


0.0135 


11.4 


0.006 


Heating paths are 


listed by panels 


and in the 


sequence by whii 



panels were line heated. 
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TABLE 3-2: ACTUAL ANGULAR DISTORTION REhOUED 

FROM THE 3/16" STIFFENED PLATE DURING 
THE SECOND HEATING PASS * 



HEATING 

PATH 

CabiO 


PRE-HEATING 
ANGULAR DIST 
d( abci )pre 
in rad. 


POST-HEATING 
. ANGULAR DIST. 
d( abci )pc>st 
in rad. 


ACTUAL 
VELOCITY 
v( abi ) 
in/nin 


ACTUAL ANGULAR 
DIST. REMOVED 
d( ri )act 
in rad. 


FG5 


-0.0135 


-0.0023 


0 


0.0112 


KJ5 


0.0080 


0 . 0000 


27.7 


0.008 


JF5 


-0.0165 


-0.011 


19.2 


0.0055 


KGS 


0.0115 


0-0068 


24.3 


0.0047 


GH6 


-0.0180 


-0.0093 


19.7 


0.0087 


KL6 


0.0157 


0.0103 


19.5 


0.0054 


GK6 


-0.0023 


0.0025 


31.4 


0,0048 


LH6 


0.0195 


0.014 


19.7 


0.0055 


CB2 


-0.0250 


-0.016 


19.8 


0.009 


GF2 


0.001 


-0.007 


28.5 


0.008 


FB2 


-0.0135 


-0.0045 


'70 O 


0.009 


GC2 


0.0180 


0.0085 


19.8 


0.0095 


JK8 


0.0000 


0.009 


32 . 2 


0.009 


NOS 


0.0075 


0.0055 


— 


0.002 


JN3 


-0.0055 


-0.0008 


42.0 


0.0047 


K08 


0.0025 


-0.0025 


39.3 


0.005 


BAl 


-0.0220 


-0.011 


23.4 


0.011 


FEl 


-0.0058 


-0.0118 


39.2 


0.006 


EAl 


-0.0160 


-0.0065 


23.0 


0.0095 


FBI 


0.0035 


-0.006 


29.4 


0.0095 


CD3 


-0.0200 


-0.0138 


28.0 


0.0062 


GH3 


-0.0090 


-0.0133 


46.7 


0.0043 


GC3 


0.0095 


0.0145 


46.6 


0.005 


HD3 


0.0220 


0.015 


24.8 


0.007 


JI7 


0.003 


0.0075 


40.5 


0.0045 


NM7 


0.0110 


0.0075 


40.0 


0.0035 


IM7 


-0-.0105 


-0.0065 


27.8 


0.004 


JN7 


0.0025 


-0.0023 


39.8 


0.0048 


KL9 


0.0058 


0.01 


— 


0.0042 


0P9 


0.0185 


0.0083 


23.0 


0.0102 


K09 


-0.0070 


0.0045 


23.2 


0.0115 


LP9 


0.0130 


0.004 


23.0 


0.009 


t Heating paths are 


listed by panels 


and in the 


sequence by whii 



panels were line heated. 
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TABLE 3-3S ACTUAL ANGULAR DISTORTION REMOVED 

FROM THE 1/3" STIFFENED PLATE DURING 
THE FIRST HEATING PASS * 



HEATING 

PATH 

EabiO 


PRE-HEATING 
ANGULAR DIST 
d( abci )pre 
in rad. 


POST-HEATING 
. ANGULAR DIST. 
d( abci )post 
in rad. 


ACTUAL 
VELOCITY 
v( abi ) 
in/ min 


ACTUAL ANGULAR 
DIST. REMOVED 
d( ri )act 
in rad. 


FG5 


-0.0065 


0.0018 


29.8 


0.0083 


KJ5 


0.0030 


-0.006 


35.8 


0.009 


JF5 


-0.0108 


0.0005 


12.4 


0.0113 


KGS 


0.0195 


0.012 


14.1 


0.0075 


FE4 


-0.0220 


-0.0163 


11.3 


0.0057 


JI4 


0.0040 


-0.0013 


29.5 


0.0053 


EI4 


0.0010 


0.0035 


nn c; 

jI. ^ ■ iJ 


0.0025 


FJ4 


0.0140 


0.013 


31.0 


0.001 


GH6 


-0.0100 


-0.003 


17.6 


0.007 


KL6 


0.0070 


0.0048 


27.9 


0.0022 


GK6 


0.0020 


0.002 


45.2 


0.0000 


LH6 


0.0090 


0.009 


34.4 


0.0000 


CB2 


0.0130 


0.0160 


23.6 


0.003 


GF2 


0.0060 


-0.014 


16.5 


0.02 


FB2 


0.005 


0.007 


47.1 


0.002 


GC2 


0.005 


0.003 


47.3 


0.002 


JK8 


0.0045 


0.0075 


— 


0.003 


NOS 


-0.009 


-0.0125 


— 


0.0035 


JN8 


0.005 


0.0123 


31.1 


0.0073 


K08 


0.0153 


0.009 


30.4 


0.0063 


CD3 


0.002 


0.0073 


30.5 


0.0053 


GH3 


0.0115 


0.005 


35.5 


0.0065 


GC3 


-0.0115 


0.0023 


16.4 


0.0138 


HD3 


0.0120 


0.0035 


16.9 


0.0085 


BAl 


-0.0065 


-0.0055 


20.4 


0.001 


FEl 


0.0185 


0.0125 


12.6 


0.006 


EAl 


-0.0182 


-0.0245 


10.1 


-0.0063 


FBI 


0.0237 


0.026 


10.3 


-0.0023 


JI7 


-0.0247 


-0.0225 


11.8 


0.0022 


NM7 


0.0085 


0.0075 


14.8 


0.001 


IM7 


-0.0105 


-0.018 


11.6 


-0.0075 


JN7 


0.0317 


0.035 


11.9 


-0.0033 


KL9 


-0.0070 


-0.0005 


44.7 


0.0065 


QP9 


0.0043 


-0.0003 


21.8 


0.0046 


K09 


-0.0130 


-0.006 


12.5 


0.007 


LP9 


0.0152 


0.012 


15.9 


0.0032 


t Heating paths are 


listed by panels 


and in the 


sequence by whii 



panels were line heated. 
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TABLE 3-A: ACTUAL ANGULAR EUSTORTION REMOVED 

FROM THE 1/8" STIFFENED PLATE DURING 
THE SECOND HEATING PASS % 



HEATING 

PATH 

Cabin 


PRE-HEATING 
ANGULAR DIST 
d( abci )pre 
in rad. 


POST-HEATING 
. ANGULAR DIST. 
d( abci )pi:'st 
in rad. 


ACTUAL 
VELOCITY 
v( abi ) 
in/min 


ACTUAL ANGULAR 
DIST. REMOVED 
d( ri )act 
in rad- 


FG5 


0.001 


0.0098 


— 


0.0088 


NJ5 


“■0-007 


-0.0095 


— 


0.0025 


JF5 


0.0038 


0.0213 


18.9 


0.0251 


KGS 


0.0175 


-0.0005 


19.0 


0.018 


FE4 


-0.0145 


-0.013 


— 


0.0015 


JI4 


0.001 


-0.0018 


— 


0.0028 


EI4 


0.002 


0 . 0063 


18.2 


0.0043 


FJ4 


0.0055 


0.0025 


19.6 


0.003 


BAl 


-0.0060 


-0.0015 


19.0 


0.0045 


FEl 


0.0140 


0.003 


19.1 


0.011 


EAl 


-0.0252 


-0.0205 


20.1 


0.0047 


FBI 


0.0270 


0.021 


19.6 


0.006 


JI7 


-0.0240 


-0.015 


19.2 


0.009 


NM7 


0.0150 


0.0035 


19.5 


0.0115 


IM7 


-0.0185 


-0.0175 


19.2 


0.001 


JN7 


0.0337 


0.031 


19.0 


0.0027 


t Heating paths are 


listed bv panels 


and in the 


sequence by whii 



panels were line heated. 
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TABLE 3-5: ACTUAL ANGULAR DISTORTION REMOVED 

FROM THE 1/8" STIFFENED PLATE DURING 
THE 3RD AND 4TH HEATING PASS * 



HEATING 

PATH 

EabiO 


PRE-HEATING 
ANGULAR DIST. 
d( abci )pre 
in rad. 


POST-HEATING 
ANGULAR DIST. 
d( abci )post 
in rad- 


ACTUAL 
VELOCITY 
v( abi ) 
in/ Min 


ACTUAL ANGULAR 
DIST. REMOVED 
d( ri )act 
in rad. 






5BD EaSS 






BAl 


-0.0063 


0.0013 


19.1 


0.0076 


FEl 


0.0058 


-0.0035 


18.9 


0.0093 


EAl 


-0.021 


-0.0014 


19.0 


0.0196 


FBI 


0.0213 


0.0103 


19.0 


0.011 


JI7 


-0.015 


-0.007 


19.1 


0.008 


NM7 


0.0035 


0.001 


19.1 


0.0025 


IM7 


-0.0175 


-0.0133 


19.1 


0.0042 


JN7 


0.031 


0.0255 


19.2 


0.0055 






m E6SS 






JI7 


-0.007 


-0.0013 


19.1 


0.0057 


NM7 


0.005 


-0.0025 


19.2 


0.0075 


IM7 


-0.0133 


-0.0083 


19.2 


0.005 


JN7 


0.0255 


0.0198 


19.2 


0.0057 


BAl 


-0 . 0063 


0.0035 


18.8 


0.0098 


FEl 


0.0054 


-0.0085 


18.9 


0.0139 


EAl 


-0.014 


-0.0045 


18.8 


0.0095 


FBI 


0.0158 


0.007 


19.0 


0 . 0088 


^ Heating paths are lis 


ted by panels 


and in the 


sequence by whii 



panels were line heated. 



91 



spacing on the plates from point A to point P. Appendixes II 
through U are compared in Chapter 4 with results from previous 
investigations at M.I.T. These graphs show the change in 
deflection along each of the transverse and longitudinal 
lines, of the 3/16" plate, as panels 5, 4, 2, 8, and 6 are 

line heated. Refer to Figure 3-1 during the following 
discussion. 

Appendix M contains the plates transverse out-of-plane 
deflection readings for lines AD2 through AD7. The First set 
of graphs titled "3/16" PLATE DEFLECTION" is the after welding 
data. The second set of graphs is the data taken after panel 5 
was line heated; the third set after panel 4 was line heated; 
and so forth. 

Appendix N contains the plates transverse out-of-plane 
deflection readings for lines AD7 through ADI 2. 

Appendixes 0 and P contain the plates transverse out-of- 
plane deflection readings for lines EH2 through EH12. 

Appendixes Q and R contain the transverse deflection 
readings for lines IL2 through I LI 2. 

Appendixes S, T, and U contain the longitudinal out-of- 
plane deflection readings for lines AH 2 through AM 6, BN 2 
through EN6 and C02 through C06, respectively. 

3.2.4 Mid-Panel Deflections D(HAX)iT and D(MAX)iL 

Appendixes V and W contain tables of mid- panel 
deflections, D(MAX)iT and D(MAX)iL, for the stiffened plates 
after welding and after each panel was line heated the given 
number of times. Refer to Figure 3-2 for a pictorial 
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TRANSVERSE 




Fiaure 3-1: PICTORIAL DEFINITION OF THE LINE NOMENCLATURE 

USED IN APPENDIXES H THROUGH U. 
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II 




Figure 3-2: PICTORIAL DEFINITION OF D(MAX)iT AND D(MAX)iL 



9h 



( 



definition of D(MAX)iT and D(MAX)iL. 



Appendix V contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL, for the 3/16" plate-’ 



1. 


after 


welding. 










o 


after 


each panel was 


line 


heated 


the 


first time. 


3. 


after 


each panel was 


line 


heated 


the 


second time. 



Appendix W contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL, for the 1/8" plate! 

1. after welding, 

2. after each panel was line heated the first time, 

3. after panels 5, 4, 1, and 7 were line heated the 
second time, 

4. after panels 1 and 7 were line heated the third time, 
and 

5. after panels 7 and 1 were line heated the fourth 
time. 

The data contained in Appendixes V and W was used to 
calculate the entries in Tables 3-6 through 3-9. These tables 
provide the reader with the amount of mid-panel out-of-plane 
distortion, D(MAX)iT and D(MAX)iL, that was removed from each 
panel after that panel was line heated and the overall 
accumulative affect from heating ail panels during that 
heating pass. For example, the "Change in D(MAX)3T" of the 
3/16" plate after heating panel #3 the first time was 0.0215 
inches; while the overall "Change in D(MAX)3T" after all the 
panels of the 3/16" plate were heated the first time was 0.029 
inches. See Table 3-6. 

Appendixes X and Y contain tables comparing the effect of 
line heating on D(MAX)iT and D(MAX)iL. Appendix X is for the 
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TABLE 3-i: REDUCTION OF D(HAX)iT IN THE 3/16" PLATE 



The anount of reduction in D(MAX)iT produced in each panel iMiiediately 
after that panel was line heated and the overall reduction in D(MAX)iT 
of each panel after all panels were line heated. 



CHANGE 

IN 

D(HAX)1T 



0.0145 



CHANGE 

IN 

D(MAX)2T 



CHANGE 

IN 

D(HAX)3T 



CHANGE 

IN 

D(HAX)4T 



CHANGE 1 CHANGE 
IN I IN 
D(HAX)5TID(HAX)6T 



CHANGE 

IN 

D(HAX)7T 



CHANGE 

IN 

D(HAX)8T 



Reduction in D(HAX)iT caused by heatino'paisl Si 



0.026 



0.0215 



0.1023 



0.0298 



0.0015 



0.022 



0.0415 



CHANGE 

IN 

D(HAX)9T 



0.0298 



The overall reduction in D(i1AX)iT of each panel after all panels were heated 



0.023 



0.0405 



0.01 



0.029 



0.1115 



0.0115 



0.0165 



0.0355 



0.033 



Reduction in D(HAX)iT caused by heating panel #i 



0.0395 



0.0275 



0.0183 



0.0253 



0.0195 



0.0245 



0.0368 



0.0433 



The overall reduction in D(MAX)iT of each panel after all panels were heated 



0.0425 



0.034 



0.034 



0.0125 



0.012 



0.0315 



0.0175 



0.024 I 0.0443 
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TABLE 3-7: REDUCTION OF D(HAX)iL IN THE 3/16" PLATE 



F 

I 

R 

S 

T 

P 

A 

S 

S 



s 

E 

C 

0 

N 

D 

P 

A 

S 

S 



The aHOunt of reduction in D(HAX)iL produced in each panel iHtiediately 
after that panel uas line heated and the overall reduction in D(HAX)iL 
of each panel after all panels were line heated. 



CHANGE 

IN 

IKHAXnL 



CHANGE 

IN 

D(HAX)2L 



CHANGE 

IN 

D(HAX)3L 



CHANGE I CHANGE I CHANGE 
IN I IN ; IN 
D(HAX)4L1D(HAX)5L1D(HAX)6L 



CHANGE I CHANGE 
IN ! IN 
D( KAX)7L!D(HAX)8L 



CHANGE 

IN 

D(HAX)9L 



Reduction in D(HAX)iL caused by heating panel iti 



0.0018 



0.0323 



0.014 



0.072 



The overall reduction in D(HAX)iL of each panel after 



0.005 



0.0405 



0.004 



0.012 



0.082 



0.026 



-0.0095 



-0.0075 



■0.0048 



0.015 



0.0425 



0.0228 



all panels were heated 



0.022 



0.022 



Reduction in D(HAX)iL caused by heating panel Hi 



0.0395 



0.0265 



0.0158 



0.0233 



0.0195 



0.0235 



0.0223 



0.0426 



The overall reduction in D(NAX)iL of each panel after all panels were heated 



0.0405 



0.034 



0.033 



0.009 



0.0095 1 0.0293 ! 0.018 



0.0255 I 0.0431 
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TABLE 3-8; REDUCTION OF D(«AX)iT IN THE 1/8" PLATE 



The anount of reduction in D(MAX)iT produced in each panel iimediately 
after that panel was line heated and the overall reduction in D(NAX)iT 
of each panel after ell panels were heated. 



CHANGE 

IN 

D(«AX)1T 



CHANGE 1 CHANGE 1 CHANGE 1 CHANGE ! CHANGE 1 CHANGE I CHANGE 
IN ! IN I IN 1 IN I IN 1 IN i IN 
D( MAX )2T ! D( MAX )3T 1 D( MAX )4T 1 D( MAX )5T I D( MAX )6T 1 D( MAX )7T 1 D( HAX )BT 



CHANGE 

IN 

D(MAX)9T 



-0.033 



Reduction in D(MAX)iT caused bv heatinq panel Iti 

III III 

III III 

0.0095 ! 0.049 ! 0.0035 I 0.0453 1 -0.001 1 -0.033 ! 0.0278 



0.015 



The overall reduction in D(MAX)iT of each panel after all panels were heated 



-0.058 



0.0213 



0.0255 I 0.038 I 0.018 ! 0.0173 1 0.023 ! -0.037 



Reduction in D(MAX)iT caused by heating panel 



0.0278 1 0.1045 



0.01 



The overall reduction in D(MAX)iT of each panel after all panels were heated 

-0.017 



0.0195 



0.0408 



0.0015 ! 0.0038 1 0.0258 ! 0.105 1 0.0075 1 0.008 



Reduction in D(MAX)iT caused by heating panel 



0.0203 



The overall reduction in D(MAX)iT of each panel after all panels were heated 

-0.0015 



0.0408 



0.0428 



0.0035 1-0.0013 1-0.0015 ! 0.0055 1-0.0013 I 0.0205 



Reduction in D(HAX)iT caused by heating panel 



0.0258 



The overall reduction in D(MAX)iT of each panel after all panels were heated 



0.0428 



0.0001 1 0.0015 



0.0258 



0.0495 



Hi 



Hi 



#i 



were 

•0.0013 



0.0095 



0.1145 

DAMAGED 






I 



I 

( 



I 



I 



TABLE 3-9: REDUCTION OF D(«AX)iL IN THE i/8" PLATE 



S 

E 

C 

0 

N 

D 

P 

A 

S 

S 



The SMOunt of reduction in D(NAX)iL produced in each panel iMHediately 
after that panel was line heated and the overall reduction in D(MAX)iL 
of each panel after all panels were heated. 



CHANGE 


CHANGE 


CHANGE 


CHANGE 


CHANGE 


CHANGE 


CHANGE 


CHANGE 


CHANGE 


IN 


IN 


IN 


IN 


IN 


IN 


IN 


IN 


IN 


D(NAX)1L 


D(MAX)2L 


D(MAX)3L 


IKNAX)4L 


D(NAX)5L 


D(MAX)6L 


D(HAX)7L 


D(H'AX)8L 


D(HAX)9L 



-0.042 



Reduction in D(MAX)iL caused by heating panel Si 



0.0095 



The overall reduc 

I 

I 

-0.0713 1 0.0213 



0.0195 



0.0465 1-0.0003 



0.043 ! -0.003 !-0.0393 ! 0.0275 



tion in D(hAX)iL of each panel after all panels were heated 

I 
I 

0.034 1 0.0148 



0.0115 



0.02 I -0.045 ! 0.0455 



Reduction in D(HAX)iL caused by heating panel Si 



1 0.0268 



0.0198 



0.0395 



0.0018 



Reduction in D(MAX)iL caused by heating panel Si 

I j ! I I 

— 1 — I — 1 — ! 0.0195 ! - 



0.0418 
The overall 

I 

I 

0.0413 1-0, 



reduc 

0015 



0.004 ! 0.024 



0.1055 ! — 



0.0095 



The overall reduction in D(MAX)iL of each panel after all panels were heated 

I I I 

I I { 

0.105 1 0.0075 ! 0.0085 I -0.017 



0.011 



0.0048 



0.1155 

DAMAGED 



The overall reduction in D(MAX)iL of each panel after all panels were heated 

I I I I I 

I I I I I 

0.0405 I 0.0035 I -0.001 1-0.0023 I 0.005 !-0.0013 I 0.0195 1-0.0035 1-0.0005 



Reduction in D(MAX)iL caused by heating panel Si 

I i i I I 

I I I 1 I 

— 1 — 1 — 1 — 1 0.026 1 — 

! I I I I 

I I I I I 

I I I I I 

I I I I I 

;tion in D(l1AX)iL of each panel after all panels were heated 

I I I I I i 

< I I t I I 

— 1 0.0015 1 0.001 1 — 1 0.026 1 — 1-0.0003 
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3/16" stiffened plate and Appendix Y is for the 1/8" plate. 
There are two types of comparisonss 

1. the affect on D(HAX)iT and D(HAX)iL of line heating 
each of the panels, and 

2. the affect on D(IIAX) of all other panels when heating 
just one panel. 

For example, to see the affect that heating all panels has on 
panel #1 mid-panel transverse deflection, D(MAX)1T, turn to 

the first set of tables in Appendix X. Under A. 1. Transverse 
we find: 

-line heating panel #1 resulted in a reduction of 14.5 
thousandths of an inch in D(MAX)1T, 

-line heating panel #2 resulted in a reduction in 
D(MAX)1T of 0.013 inches, 

-line heating panel #3 resulted in an increase in 
D(MAX)1T of 0.001 inches, 

-line heating panel #4 resulted in a decrease in D(HAX)1T 
of 0. 00375 inches, 

-etc. 

To see the affect that line heating panel #1 had on the mid- 
panel longitudinal deflections of all other panels, turn to 
the first set of tables in Appendix X. Under A. 2. Longitudinal 
we find: 

-D(MAX)1L was reduced by 0.00175 inches, 

-D(I1AX)2L was reduced by 0.0 0325 inches, 

-D(MAX)3L was increased by 0.003 inches, 

-D(MAX)4L was reduced by 0.0103 inches, 

-D(MAX)5L was increased by 0.006 inches, etc. 

Chapter Four contains the discussion of the results 
presented in this chapter. 
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CHAPTER FOUR 
DISCUSSION OF RESULTS 

Chapter Four contain 5 the discussion of the results 
presented in Chapter Three. 

4. 1 Actual Angular Distortion Removal of Stiffened Plates 

Figure 4-1 shows the actual angular distortion removed 
versus inverse flame velocity for the first pass on the 3/16" 
stiffened plate. Although there is much data scatter^ it 
appears that angular distortion removed decreases as velocity 
decreases or 1/v increases (i.e. higher energy input) as 
indicated by the line in Figure 4-1. Note that the majority 
of the data points fall within the range of 0.002 to 0.008 
radians. This is approximately 6 to 24 % of the angular 
distortion removed at the same velocities in Figure 2-17 and 
IS expected since the stiffened plates are restrained at the 
edges. Because of the decreasing trend at low flame heating 
velocities, a minimum velocity of 19 in/min was chosen for the 
second pass. 

Figure 4-2 shows the actual angular distortion removed 
versus inverse flame velocity for the second pass. The second 
pass shows about 50 % less scatter than the first pass and an 
increase in distortion removal as velocity decreases (see 
Figure 4-2). This was the relationship expected for the first 
heating pass also and further indicates that the first pass 
velocities were toe slow. 

Figures 4-3 through 4-6 show the actual angular 
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INVERSE OF FLFME VELOCITY' [1 
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INVERSE OF FL4ME VELOCITY [1 





distortion removed versus inverse flame velocity for the four 
passes on the 1/S" stiffened plate. Figures 4-3 and 4-4 
contain the results of the first and second passes. The trend 
IS similar to that of the 3/16" plate. After the first pass, 
a minimum velocity of 1’? in/min was chosen for the remaining 
flame heating passes. 

The results of the first two line heating passes, of the 
3/16" and 1/8" plates, indicate that the actual angular 
distortion removed versus inverse flame velocity (i.e. energy 
input) curve has the same general shape as the angular 
distortion removed versus heat input parameter CQ./(h-«'h)] curve 
for welding. See Figure 2-V. This indicates that, like 
welding, flame heating at low velocities may increase out-of- 
plane distortion. 

Figures 4-5, and 4-6 are the graphs of the 3rd and 4th 
line heating passes, which were applied to panels #1 and #7 
only. These two panels had an increase in angular distortion 
after the first line heating pass and were line heated further 
to determine the affect that continued line heating would 
have. Since the velocities used during these two passes were 
approximately 19. 0 in/min, the important curve on each of 
these figures is that of average angular distortion removed. 
The average distortion removed during the 3rd and 4th line 
heating passes was 0.0085 rad and 0.0082 rad, respectively. 
The angular distortion removed during the 2nd pass at a 
velocity of 19.0 in/min (i.e. 1/v of 0.053) was about 0.0087. 

Although angular distortion removal was expected to decrease 
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during sequi^ntiai line heating passes, these results show that 
the average distortion removed was virtually the same during 
passes 2, 3. and 4. 

4.2 Line Heating Stiffened Plates 

This section discusses the out-of-plane distortion caused 
by line heating the stiffened plate panels. 

4.2.1 3/lh" Plate 

Figures 4-7 through 4-12 contain graphs of mid- pan el 
deflections for the 3/16" stiffened plate recorded after 
welding, after all panels were flame heated the first time, 
and after all panels were flame heated the second time. These 
graphs were taken from Appendixes H and I. Figures 4-7, 4-8, 

and 4-9 contain the transverse mid-panel deflections and 
figures 4-10, 4-11, and 4-12 contain the longitudinal mid- 

panel de flections. Except for panel #4, these figures clearly 
show that line heating reduces angular distortion and that 
each heating pass removes more distortion. Refer to Tables 
3.6 and 3.7. The average "Change in D(MAX)iT" and "Change in 
D(MAX)iL" during the first flame heating pass, not including 
panel #4, was 0. 0244 and 0. 0094 inches, respectively. The 
average "Change in D(t1AX)iT" and "Change in D(MAX)iL" during 
the second pass was 0.0300 and 0.0291 inches, respectively. 
Thus, as discussed in section 4. 1 for angular distortion 
removal, it appears that as the flame velocity decreases (i.e. 
1/v increases) the out-of-plane distortion removed also 
increases, reaches a peak, and then decreases. The first 
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Fig 4-10: 3/16" PLATE DEFLECTlOh 
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heating pass was performed at much lower velocities than the 
second pass. This could account for the smaller average 
distortion removed during the first pass as compared with that 
of the second pass. 

Panel #4 shows buckling distortion. This was the only 
panel where line heating was applied to the outer edge first. 
It appears that this may have reduced the buckling strength o f 
that panel. To minimize the probability of producing buckling 
distortion in the remainder of the panels the procedure 
described in section 2.4.3 was adopted. 

4.2.2 1/8" Plate 

Figures 4-13 through 4-18 contain graphs of mid-panel 
deflections for the 1/8" stiffened plate recorded after 
welding, after all panels were flame heated the first time, 
after all panels were flame heated the second time, and after 
panels #1 and #7 were flame heated the third and fourth times. 
These graphs were taken from appendixes J, K, and L. Figures 
4-13, 4-14, and 4-15 contain the transverse mid-panel 

deflections and figures 4-16, 4-17, and 4-18 contain the 

longitudinal mid-panel deflections. With the exception of 
panels #1 and #7, these figures show that line heating reduces 
angular distortion and that each heating pass removes more 
distortion. Refer to Tables 3. 8 and 3. 9. The average "Change 
in D(MAX)iT" and "Change in D(MAX)iL" during the first flame 
heating pass, not including panels #1 and #7, was 0.0258 and 
0.0217 inches, respectively. The average "Change in D(HAX)iT" 
and "Change in D(MAX)iL" during the second pass was 0.0396 and 
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0.0393 inches, respectively. Again, it appears that the slow 
velocities of the first heating pass removed less distortion 
than when the velocities were increased during the second 
heating. 

Panels #1 and #7 were flame heated at the lowest 
velocities (i.e. highest energy input) during the first 
heating pass. If line heating produces a functional 
relationship between out-of-plane distortion and velocity as 
shown in Figure 2-9 and discussed in section 4. 1, then very 
low flame heating velocities could cause the increased 
distortion found in panels #1 and #7. When these panels were 
flame heated at velocities greater than 19.0 in/min (passes 2 , 
3, and 4) angular distortion decreased as expected. 

Figures 4-16, 4-17, and 4-18 show that buckling is 

present in the longitudinal mid- panel and that applying linear 
flame heating has little effect on the buckling distortion but 
decreases the angular distortion. 

4.3 Shape of Distortion Along the Panels 

Appendixes M through U show the out-of plane distortion 
for the 3/16" stiffened plate after welding and after the 
first 5 line heating passes, as described in Chapter Three. 

The graphs show that the distortion patterns of these multi- 
panelled structures are similar to the distortion patterns 
shown by Duffy Cll] and Shin [25] for single panel 
structures. The out-of-plane distortion increases as the 
distance from a stiffener (restraint) increases. Appendixes M 
through U also show that for the first flame heating passs 
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1. as the panel was line heated the out-of-plane 
distortion decreased all along the panel, with more 
distortion removed as distance from stiffeners 
increased; 

2. line heating a panel affects adjacent panels; and 

3. buckling distortion was present in the 3/16" 
stiffened plate along the longitudinal direction, but 
to a lesser degree than in the 1/8" plate. 

4.4 Mid-panel Deflections D(MAX)iT and D(MAX)iL 

Appendixes V, W, X, and Y contain the mid-panel 
deflection data, D(MAX)iT and D(MAX)iL, for the 3/16" and 1/8" 
plates and tables comparing the affect that line heating one 
panel has on the other 9 panels. Bee each appendix description 
in section 3. 2. 

Both the 1/8" and the 3/16" plates were similarly 
affected by the first line heating passes. See appendixes X 
and Y. The panels were not isolated, since flame heating one 
panel affected the out-of-plane distortion of the adjacent 
panels as well as it's own. D(MAX)iT and D(MAX)iL in the 
panel that was line heated were decreased. D(MAX)iT and 
D(MAX)iL in the horizontal and vertical adjacent panels were 
decreased to a lesser amount than the heated panel or was 
minimally affected. D(MAX)iT and D(MAX)iL increased in the 
panel that was diagonally adjacent to the heated panel. It 
appears that line heating produced a moment about the 

stiffeners that separated the panels. When the out-of-plane 
distortion was reduced in the flame heated panel the moment 
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produced about the adjacent horizontal and vertical stiffeners 
was positive, which removed distortion in these panels also. 

As the distortion was decreased in these adjacent panels, a 
negative "secondary" moment was produced in their horizontal 
and vertical stiffeners. This secondary moment caused the 
panel that was diagonally adjacent to the heated panel to 
increase its out-of-plane distortion. For example, when panel 
#1 of the 3/16" plate was flame heated for the first time! 

1. D(MAX)1T decreased by 0.00145 inches and D(MAX)1L 
decreased by 0. 0018 inches; 

2. D(HAX)2T and D(MAX)2L of panel #2 (the horizontal 
adjacent panel of panel #1) decreased by 0.013 inches 
and 0.008 inches, respectively; 

3. D(MAX)4T and D(MAX)4L of panel #4 (the vertical 
adjacent panel of panel #1) decreased by 0.0038 
inches and 0.0005 inches, respectively; and 

4. D(MAX)5T and D(MAX)5L of panel #5 (the diagonal 
adjacent panel of panel #1) increased by 0.0083 
inches and 0.0065 inches, respectively. 

There were some exceptions to the above observations. 

When panels #2 and #8, of the 3/16" plate, were flame heated 
a negative moment was produced about the stiffener that 
connected them to panel #5, which caused D(MAX)5T and D(MAX)5L 
to increase. Also, when panel #5 was heated D(max) in both 
panels #2 and #8 increased. This could be caused by the added 
stresses on panel #5 as it was the only panel with no free 
edge and flame heating velocities were much slower (i.e. more 
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energy deposited) during the first pass. Panel #4 of the 
3/16" plate buckled when heated, which caused the D(MAX) in 
all adjacent panels to decrease. D ( MAX ) in panel #6 of the 
3/16" plate and panels #1 and #7 of the 1/8" plate increased 
when heated. This could have been do to the low flame heating 
velocities used. As described in section 4. 1 when the flame 
velocity was low enough, it appears that the high energy input 
caused distortion to increase. 

Both plates reacted similarly to the second flame heating 
passes. D(HAX) of all heated panels was reduced and in 
general all adjacent panels were not affected (i.e. the panels 
reacted to the second flame heating pass as though they were 
isolated from the rest of the plate). This could be do to the 
increased velocity (i.e. reduced energy input) during the 
second flame heating passes. 

The third and fourth heating passes applied to panels #1 
and #7 of the 1/8" plate exhibited a reduction in angular 
distortion and D(MAX) in the heated panels. There was no 
noticable change to the out-of-plane and angular distortion in 
the adjacent panels. 
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CHAPTER FIVE 



CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 
5. 1 Conclusion 

The purposes of this research, given in section 1. 8, have 
been accomplished. The conclusions of this investigation 
based on experimental results and the discussions in Chapter 4 
are: 

1. Line heating along the back side of fillet welds was an 
effective way of removing angular and out-of-plane 
distortion on 1/8" and 3/16" stiffened plates. 

2. It appears that when the flame heating velocity 
decreased and more energy was deposited into the plate, 
the amount of distortion removed increased, reached a 
plateau, and then decreased; the plateau occured around 
19 to 24 in/min. in both stiffened plates. 

3. The affect of line heating was not limited to the heated 
panel. Adjacent panels were also affected. This was 
most apparent at low flame heating velocities <i.e. 
velocities less than 14 in/min. or 1/v greater than 
0.070 min/in). 

4. Line heating applied along the stiffeners in a panel 
structure did not affect buckling distortion, but did 
reduce angular distortion along the edges of the buckled 
panel . 

5. The actual angular distortion removed for a given 
velocity, in the stiffened plate structure, was a small 
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fraction of that predicted by the free-end sample 
relationship (Figures 2-17 and 2-16). However, the 
magnitude of the free-end sample relationship was within 
a power of 10 of the actual stiffened plate 
relationship. 

5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

This first study provided a good estimate for the out-of- 
plane and angular distortion removed versus flame heating 
velocity. Further investigation is required to increase the 
data base and improve the reliability of the distortion 
removed versus inverse velocity functional relationship. 

Further research in removal of distortion in stiffened 
plates using flame heating should be investigated. These 
studies should investigate the reduction of all forms of 
distortion by using a combination of line heating along the 
back side of stiffeners, spot heating, line heating away from 
stiffeners, and contour-line heating (discussed by T. Borzecki 
and K. Rosochowicz 163). 
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APPENDIX A 





NOHENCLATURE 


CHANGE 




in 

D(MAX)iT 


The change in out-of-plane distortion at the 
middle transverse line of panel #i, in inches. 


CHANGE 

in 

D(MAX) iL 


The change in out-of-plane distortion at the 
middle longitudinal line of panel #i, in inches. 


d 


Angular distortion, in radians. 


d ( ai ) 


Angular distortion in the free-end sample after 
the i-th heating pass, in radians. 


d ( abi ) 


Angular deflection at the middle line on the 
panel # i side of the stiffener between points a 
& b, in radians. 


d ( abci ) 


Angular deflection on panel #i side of the 
stiffener, between stiffener points a & b, in 
radians. The c designates either L or t. 


d(abLi) 


Longitudinal angular deflection on panel # i side 
of the stiffener between stiffener points a St b, 
in radians. 


d < abti ) 


Transverse angular deflection on panel #i side of 
side of the stiffener between stiffener points a 
St b, in radians. 


D£ 


Average weld size, in inches. 


d ( r i ) 


Angular distortion removed in the free-end sample 
during line heating pass # i, in radians. 


d ( r i ) act 


Actual angular distortion removed from a 
stiffened plate panel due to line heating that 
panel, in radians. 


d(rl) 


d(w) -d(al), angular distortion removed in the 
free-end sample during the first heating pass, in 
radians. 


d( r2) 


d ( al ) - d(a2), angular distortion removed in the 
free-end sample during the 2nd heating pass, in 
radians. 


d ( rci ) 


Reference angle in the stiffened plate for panel 
#i, in radians. The c stands for either L or t. 


d(rLi) 


Panel # i longitudinal reference angle, in 
radians. 
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d( rti ) 


Panel # i transverse reference angle, in radians. 


d (w) 


Angular distortion in the free-end sample after 
welding, in radians. 


D ( i , j ) 


Out-of-plane distortion measurements in the 
stiffened plate, in inches. 


D(t, L) 


Same as D ( i, j ) . 


D(MAX) 


Out-of-plane distortion at center of panel, in 
inches. 


D(MAX)iT 


D(MAX) on the middle transverse line of panel # i, 
in inches. 


D(MAX) iL 


D(MAX) on the middle longitudinal line of panel 
# i, in inches. 


h 


plate thickness, in inches. 


H 


Out-of-plane distortion measurements of the free- 
end sample, in inches. 


H(ai) 


Average out-of-plane distortion of the free-end 
sample after line heating pass # i, in inches. 


H(aw) 


Average out-of-plane distortion of the free-end 
sample after welding, in inches. 


I 


Welding current, in amps. 


L 


Free-end sample plate transverse dimension, in 
inches. 


Q 


Net heat or effective thermal power of welding 
arc, in cal /cm. 


0/ (h*h) 


Heat input parameter, in cal/(cm»*3). 


V 


Flame heating velocity, in in/min. 


V ( abi ) 


Line heating velocity applied to the panel # i 
side of the stiffener between points a & b, in 
in/ min. 


V ( act ) 


Actual flame heating velocity applied to the 
stiffened plate, in/min. 


v(i) 


Flame heating velocity during pass # i, in 
in/ min. 


V 


Welding voltage, in volts. 
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APPENDIX E 



FUNDAMENTALS OF LINE HEATING 

The line heating fundamentals described in this appendix 
were based on applying heat to ordinary mild steel plates 
using an oxy-acety lene torch C5]. These fundamentals apply to 
flame straightening as well as to flame bending. 

The parameters that govern the degree of deformation 
which occurs during line heating ares 
-torch-tip type and size 

-distance between torch-tip and metal plate, 

-torch travel speed, 

-cooling method (water or air), 

-gas, oxygen, and water flow rates, 

-distance between heating center and cooling center, 
-plate thickness, 

-material type, and 

-stresses mechanically applied before line heating. 

With torch speed as the only variable, the unbalanced 
shrinkage between top and bottom surfaces causes bending, see 
Figure E-1. The bending effect is defined as the difference 
between the shrinkage on the heated side (A) and the shrinkage 
on the unheated side (E) of a plate. Figure E-1 shows that! 

1. at very low speeds (high temperatures), total 
shrinkage is large and the bending effect is small, 

2. as speed increases, shrinkage decreases exponentially 
while the bending effect increases relatively fast. 
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passes through a maximum value, and thereafter reduces 
gradually, and 

3. there is only a limited useful range of speeds at 
which both acceptable shrinkage and near maximum 
bending effect are obtainable (around the peak in the 
A - E curve ) . 

Figures B-2, B-3, and E-4 were obtained by varying plate 
thickness, travel speed, and initial stress while all other 
parameters were held constant C5]. It is clear from these 
figures that: 

-the angular distortion (bending) shown in Figure B-2, 
particularly for t=14mm, are clearly related to bending 
effect as plotted in Figure E-1, and 
-the existence of initial stress as shown in Figure E-3 
and particularly the increased stress shown in Figure 
E-4, result in increased amounts of permanent 
deformation after line heating. 

Obviously, applied initial stresses greatly facilitate bending 
by line heating. 

Figure B-5 shows the effect of applying subsequent heat 
passes on the same line, the bending effect diminished with 
each successive pass [5,2fc]. Figure E-6 shows that when 
subsequent line heating passes were greater than 30 mm apart , 
there was no reduction in the bending effect C4]. 
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APPENDIX C 



FREE-END SAMPLES RECORDED DATA 
I. 3/16 INCH THICK FREE-END SAMPLES 
A. AFTER WELDING 



SAMPLES 


H(aw) 

1 Cinches] 


h 

! Cinches] 


H(aw)-h 
! Cinches] 


1 L 
1 Cinches] 


1 d(w) 

! Cradians] 


1 y 

1 Cvolts] 


1 I 
! Canps] 


! TIME (t) 

1 Cseconds] 


E 


0.4353 


0.185 


0.2503 


12.0625 


1 

1 

! 0.02074 
1 


21.8 


1 

157 1 


t 

1 

1 62/51 0 
1 


F 


0.4865 


0.185 


0.3015 


12.0625 1 
1 


1 

1 0.02497 

1 


21.8 


158.5 1 
1 


1 

; 53.5/49.3 


G 


0.4913 


0.185 


0.3063 


12.0625 

1 


! 0.02537 

1 


21.8 


1 

157.5 

1 


! 45.4/47.8 


H 


0.5100 


0.185 


0.325 


1 

12.0000 

1 


1 

I 0.02706 

1 


21.8 


1 

159 


! 48.0/53.6 


I 


0.5227 


0.185 


0.338 


1 

12.0000 1 


1 

0.02811 


21.8 


1 

158.5 1 


1 47.5/53.5 



SAMPLES ! Q I Q/(hth) 1 

: Ccal/cM: ! Ccal/cH»33 ! 



E 


757.4 


3339.2 


F 


695.6 


3066.8 


G 


626.7 


2762.9 


H 


693.2 


3056.4 


I 


687.0 


3028.8 



0 Tine to weld side 1/tine to weld side 2 
NOTE: 1) d(w) = o.5 » arctan C { H(aw) - h } / ( 0.5 * L ) 3 
2) Q = C 0.75 I 0.24 *VtI*2D/Cv)|t33 
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B. AFTER THE FIRST FLAHE HEATING PASS 



SAHPLE 


H( 3l ) 
Cinches] 


Hi 3l ) - h 
Cinches] 


dial) 1 
Cradians] ! 


di rl ) 

1 Cradians] 


1 TIHE it) 

! Cseconds] 


1 VELOCITY ivDl 
! Cin/nin] 1 


1/vl i 
CMin/'in] 1 


E 


0.24183 


0.05683 


1 

0.004736 1 

1 


0.01600 

1 


49.92 


1 

1 

14.536 ! 

1 


0.06S8 1 


F 


0.31783 


0.13283 


1 

0.011068 ! 


1 

0.01391 


37.02 


1 

19.598 1 

1 


0.0510 I 


G 


0.3735 


0.1885 


i 

0.015703 1 
1 


0.00967 


25.66 


1 

28.205 1 

1 


0.0355 1 


H 


0.4652 


0.2802 


1 

0.023330 ! 
1 


0.00373 


20.61 


1 

34.934 ! 

1 


0.0286 1 


I 


0.4913 


0.3063 


1 

0.025506 ! 


0.00260 


15.40 


1 

46.768 1 


0.0214 1 



NOTE: 1) d(3l> = 0.5 * arctan E { H(al) - h } / ( 0.5 I L ) 3 

2) d(rl) = d(M) - d(al) 

C. AFTER THE SECOND FLAHE HEATING PASS 



SAHPLE 

1 

1 


! Hia2) 

1 Cinches] 


1 Hia2)-h 
! Cinches] 


! dia2) 

1 Cradians] 


1 dir2) 

! Cradians] 1 


! TIHE it) 

! Cseconds] 1 


1 VELOCITY iv2)l 
CinMn] 1 


l/v2 

Cttin/in] 


G 


0.28683 


0.10183 


0.008456 


1 

1 

! 0.00725 
! 


25.58 


1 

28.294 1 

1 


0.0355 


H 


0.43483 


0.24983 


0.020807 


1 0.00252 

1 


20.28 


1 

35.512 ! 

1 


0.0282 


I 


0.458 


0.273 


0.022734 


1 

! 0.00277 


15.36 


1 

46.890 1 


0.0213 


NOTE: 1) dta2> = 


= 0.5 t arctan C { Hia2) - 


h } / i 0.5 * L ) ] 






2) dir2) = 


= dial) - dia2) 











3 > Sanples E and F overcorrected on the second heating pass and Heasurenents were 
not taken. 

D. Deternination of average slope for d(r2) versus v relationship. 

SAHPLE 1 d(r2)/d(rl> I ( vl - v2 ) t lOOZ / vl I 



G 


0.7494 


0.207 1 


H 


0.677 


1.65 1 


I 


1.064 


0.26 Z 



The average d(r2)/d(rl) was 0.83 or 83Z. Therefore, the d(r2) curve in Figure 2-17 
has slope of 83Z of the d(rl) curve. 



I. 1/8 INCH THICK FREE-END SAMPLES 



A. AFTER HELDING 



SAMPLES 


H( au) 
Cinches] 


h 

Cinches] 


H( aw )-h 
Cinches] 


' i 

1 L 

! Cinches] 


: d(u) 

1 Cradians] 


1 V 
! Cvclts] 


' T ' 

1 1 1 

! CaMpsIl 


1 TIME (t) 1 
! Cseconds] 1 


A 


0.426 


0.125 


0.301 


12.0000 1 


I 

1 0.02506 
1 


19 


100 


43.77 1 


6 


0.3648 


0.125 


0.2398 


12.0000 1 

1 


1 

1 0.01998 

1 


19 


100 


45.00 1 


C 


0.3335 


0.125 


0.2085 


1 

12.0000 1 
1 


1 

0.01737 


19 


100 


43.95 1 


D 


0.3067 


0.125 


0.1817 


1 

12.0000 1 
< 


0.01513 


19 


100 


43.30 ! 


E 


0.331 


0.125 


0.206 


1 

12.0000 I 


0.01716 


19 


100 


44.09 ! 



SAMPLES 


Q 

Ccal/cM] 


B/(hlh) ! 
Ccal/cn»3] ! 


A 


324.18 


3215.8 ! 


B 


345.47 


3427.1 1 


C 


335.68 


3330.0 1 


D 


323.90 


3213.1 ! 


E 


329.77 


3271.3 : 



NOTE: 1) d(H) = 0.5 t arctan C { H(aw) - h } / ( 0.5 * L ) D 
2) Q = : 0.75 t 0.2A *VtI*2]/Cv»33 

B. AFTER THE FIRST FLAME HEATING PASS 



SAMPLE 


1 H( al ) 1 
! Cinches] 


1 H( al ) - h 
! Cinches] 


: d( al ) 

1 Cradians] 1 


1 d( rl ) 

1 Cradians] 


TIME(t) 

Cseconds] 


1 VELOCITY (vD! 
1 Cin/Hin] ! 


1/vl : 
CHin/in] ! 


A 


0.38233 


0.25733 


0.021431 


0.00363 


23.59 


I 

1 

30.528 1 

1 


0.0328 ! 


B 


0.3335 


0.2085 


0.017368 


0.00261 


15.31 


1 

47.028 ! 

1 


0.0213 ! 


C 


0.30317 


0.17817 


0.014843 


0.00253 


17.97 


40.078 'l 
1 


0.0250 i 


D 


0.21167 


0.08667 


0.007222 


0.00791 


31.95 


1 

19.131 9 ! 
1 


0.0523 I 


E 


0.30117 


0.17617 


0.014676 


0.00248 


15.80 


1 

38.699 0 ! 


0.0258 1 
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§ The line heating path length of sanples D and E where 10.1375 inches not 12 inches as 
in the other sawples. 

NOTE: 1) d(al) = 0.5 * arctan E { H(ai) - h } / ( 0.5 ♦ L ) 2 
2) d(rl) = d(w) - dial) 

C. AFTER THE SECOND PLANE HEATING PASS 



SANPLE 


! Hla2) 

1 Einches2 


1 Hla2)-h 
1 Cinches2 


! dla2) 

1 Cradians2 1 


i dlr2) 

1 Cradians2 


1 TINE It) 

1 Cseconds2 


1 VELOCITY (v2)l 
1 Cin/nin2 1 


l/v2 1 
Cnin/in2 1 


A 


0.31883 


0.19383 


1 

1 

0.016147 

1 


1 

1 

1 0.00528 


23.97 


I 

1 

30.056 1 

1 


1 

1 

0.0333 1 

1 


B 


0.32133 


0.19633 


1 

0.016355 1 
1 


1 0.00101 


15.49 


46.482 1 

1 


0.0215 ! 


C 


0.293 


0.168 


1 

0.013996 ! 
1 


0.00085 


17.98 


1 

40.056 I 
1 


0.0250 ! 

1 


E 


0.2802 


0.1552 


1 

0.012928 1 


0.00175 


15.97 


1 

38.287 


1 

0.0261 1 



NOTE: 1) d(a2) = 0.5 » arctan C { H(a2) - h } / ( 0.5 * L ) 2 

2) d(r2) = dial) - d(a2) 

3) Sanple D overcorrected on the second heating pass and Measurewents were not taken. 
D. Deternination of average slope for dlr2) versus v relationship. 



SANPLE 


1 d(r2)/d(rl) 


! ( vl - v2 ) » 100% / vl 


A 


1.4553 


1.545 % 


B 


0.3884 


1.162 % 


E 


0.7041 


1.065 % 



The average dlr2)/dlrl) was 0.849 or 84.9%. The dlr2) curve in Figure 2-18 has slope of 80% 
of the dlrl) curve. Sanple C was not used to deter nine the slope of dlr2) since the angular 
distortion renoved during the second pass of sanple C is nuch lower then that which would be 
expected. 
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APPENDIX D 



3/16" STIFFENED PLATE OUT-OF-FLANE DEFLECTION READINGS 
RECORDED AFTER LINE HEATING THE FIRST PASS 



Appendix D contains 10 sets of out-of-plane deflection 
measurements. The 1st set was recorded after welding but 
prior to any line heating. The rest were taken after each 
panel was line heated the first time. See Table 2-1 for the 
1st pass line heating sequence. 



NOTES In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in . 001 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/16" PLATE 
AFTER WELDING" is -0.075 inches (i.e. 0.075 below the 
reference point). This point is designated D(6,2) as it is 
on the 6th line in the TRANSVERSE direction and the 2nd line 
in the LONGITUDE direction. 
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DISTORTION HEASURENENTS OF 3/16" PLATE AFTER WELDING 



TRANSVERSE 







0 


2 


4 


6 


8 


10 


12 


14 


16 


18 


20 


22 


24 


26 


28 


30 


32 


34 


36 




0 


-130 


-121 


-109 


-97 


-84 


-72 


-57 


-57 


-52 


-44 


-39 


-33 


-31 


-24 


-20 


-16 


-11 


-8 


0 




2 


-118 


-132 


-128 


-115 


-98 


-75 


-37 


-57 


-65 


-68 


-65 


-62 


-47 


-50 


-47 


-42 


-36 


-22 


14 




4 


-no 


-130 


-134 


-125 


-107 


-75 


-33 


-56 


-73 


-81 


-79 


-67 


-40 


-57 


-63 


-61 


-50 


-26 


17 




6 


-105 


-124 


-133 


-127 


-107 


-71 


-29 


-54 


-74 


-85 


-81 


-62 


-31 


-54 


-67 


-66 


-55 


-26 


18 




8 


-93 


-117 


-129 


-124 


-104 


-67 


-25 


-51 


-72 


-83 


-77 


-55 


-21 


-47 


-62 


-64 


-53 


-24 


19 




10 


-89 


-112 


-123 


-120 


-100 


-64 


-22 


-48 


-68 


-79 


-72 


-48 


-12 


-38 


-54 


-56 


-47 


-20 


22 




12 


-84 


-107 


-118 


-115 


-95 


-60 


-19 


-44 


-65 


-75 


-67 


-42 


-4 


-28 


-43 


-46 


-39 


-16 


22 




14 


-79 


-100 


-111 


-107 


-88 


-55 


-17 


-40 


-59 


-68 


-61 


-36 


2 


-21 


-34 


-38 


-32 


-12 


23 




16 


-75 


-94 


-102 


-97 


-80 


-49 


-13 


-35 


-52 


-59 


-52 


-29 


6 


-14 


-25 


-29 


-25 


-8 


24 




18 


-71 


-87 


-92 


-84 


-68 


-43 


-12 


-28 


-42 


-48 


-43 


-23 


11 


-18 


-17 


-19 


-17 


-4 


25 




20 


-67 


-76 


-74 


-65 


-51 


-33 


-8 


-19 


-26 


-32 


-39 


-15 


14 


-2 


-9 


-10 


-10 


-2 


25 




22 


-63 


-59 


-50 


-41 


-30 


-21 


-1 


-6 


-5 


-10 


-12 


-7 


15 


0 


0 


2 


-3 


1 


25 




24 


-54 


-36 


-28 


-21 


-15 


-7 


0 


9 


17 


16 


7 


4 


12 


7 


10 


18 


7 


3 


18 




26 


-61 


-68 


-64 


-55 


-44 


-29 


-4 


-10 


-11 


-15 


-15 


-8 


19 


-6 


-14 


-18 


-22 


-14 


18 


L 


28 


-67 


-81 


-83 


-76 


-61 


-38 


-5 


-21 


-29 


-33 


-28 


-12 


20 


-9 


-25 


-32 


-33 


-19 


15 


0 


30 


-70 


-87 


-94 


-88 


-71 


-43 


-4 


-25 


-39 


-42 


-34 


-13 


21 


-9 


-29 


-34 


-37 


-21 


14 


N 


32 


-72 


-91 


-99 


-93 


-75 


-45 


-4 


-28 


-44 


-48 


-38 


-15 


21 


-11 


-32 


-41 


-40 


-24 


10 


G 


34 


-75 


-93 


-103 


-97 


-78 


-46 


-5 


-33 


-49 


-54 


-42 


-16 


22 


-12 


-33 


-43 


-41 


-26 


7 


I 


36 


-79 


-96 


-105 


-100 


-79 


-45 


-4 


-33 


-52 


-56 


-45 


-18 


18 


-18 


-37 


-47 


-44 


-29 


5 


T 


38 


-81 


-99 


-108 


-103 


-82 


-49 


-7 


-33 


-51 


-56 


-45 


-19 


16 


-18 


-39 


-49 


-47 


-32 


2 


U 


40 


-84 


-102 


-no 


-104 


-84 


-52 


-8 


-32 


-50 


-55 


-46 


-23 


12 


-22 


-43 


-53 


-52 


-36 


-3 


D 


42 


-88 


-104 


-109 


-102 


-84 


-54 


-12 


-33 


-49 


-54 


-46 


-25 


9 


-24 


-45 


-55 


-55 


-40 


-7 


E 


44 


-92 


-101 


-99 


-88 


-73 


-50 


-16 


-33 


-43 


-46 


-41 


-26 


4 


-27 


-45 


-53 


-55 


-34 


-11 




46 


-94 


-90 


-79 


-65 


-52 


-39 


-22 


-30 


-32 


-31 


-38 


-24 


-3 


-27 


-37 


-41 


-47 


-34 


-17 




48 


-93 


-68 


-51 


-38 


-28 


-20 


-23 


-23 


-17 


-11 


-8 


-13 


-16 


-16 


-17 


-18 


-25 


-38 


-24 




50 


-106 


-105 


-92 


-76 


-63 


-46 


-33 


-48 


-49 


-44 


-38 


-32 


-16 


-40 


-48 


-52 


-58 


-56 


-32 




52 


-113 


-121 


-118 


-105 


-90 


-68 


-40 


-63 


-72 


-68 


-60 


-44 


-23 


-54 


-70 


-77 


-79 


-70 


-40 




54 


-121 


-137 


-141 


-131 


-113 


-84 


-49 


-76 


-89 


-88 


-76 


-56 


-29 


-65 


-85 


-95 


-96 


-81 


-50 




56 


-130 


-147 


-155 


-148 


-130 


-100 


-59 


-86 


-102 


-101 


-88 


-65 


-35 


-76 


-101 


-113 


-111 


-94 


-59 




58 


-140 


-158 


-167 


-162 


-142 


-111 


-72 


-94 


-no 


-no 


-97 


-72 


-43 


-86 


-114 


-128 


-125 


-105 


-70 




60 


-148 


-170 


-180 


-175 


-154 


-121 


-81 


-104 


-118 


-119 


-104 


-80 


-54 


-97 


-125 


-139 


-138 


-121 


-83 




62 


-158 


-180 


-190 


-184 


-164 


-129 


-91 


-113 


-125 


-126 


-112 


-88 


-64 


-109 


-139 


-152 


-151 


-130 


-93 




64 


-168 


-193 


-204 


-198 


-177 


-142 


-102 


-127 


-139 


-139 


-124 


-100 


-75 


-122 


-152 


-164 


-163 


-141 


-105 




66 


-179 


-203 


-214 


-208 


-188 


-154 


-113 


-139 


-152 


-152 


-138 


-115 


-88 


-133 


-160 


-171 


-169 


-148 


-115 




68 


-188 


-212 


-220 


-212 


-195 


-164 


-125 


-151 


-162 


-161 


-149 


-129 


-100 


-142 


-165 


-173 


-171 


-156 


-125 




70 


-198 


-220 


-219 


-210 


-196 


-174 


-141 


-162 


-166 


-165 


-158 


-143 


-119 


-149 


-161 


-165 


-165 


-159 


-135 




72 


-211 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8, 6, 1, AND 7 WERE HEATED THE FIRST TIHE 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8, 6, 1, 7, AND 3 WERE HEATED THE FIRST TIME 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 4, 2, 8, 6, 1, 7, 3, AND 9 WERE HEATED THE FIRST TIME 
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APPENDIX E 



3/16" STIFFENED PLATE OUT-OF-PLANE DEFLECTION READINGS 
RECORDED AFTER LINE HEATING THE 2ND PASS 



Appendix E contains ? sets of out-of-piane deflection 
measurements. The 1st set was recorded prior to any 2nd pass 
line heating. The rest were taken after each panel was line 
heated the 2nd time. Panel # 4 was not heated a second time. 
This panel had excessive buckling and a 2nd line heating pass 
would provide no useful data. See Table 2-1 for the 2nd pass 
line heating sequence. 



NOTE! In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in .001 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/16" PLATE 
AFTER WELDING" is -0.075 inches (i.e. 0.075 below the 

reference point). This point is designated D(6,2) as it is 
on the 6th line in the TRANSVERSE direction and the 2nd line 
in the LONGITUDE direction. 
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DISTORTION MEASUREMENTS OF 3/16" PLATE PRIOR TO START OF SECOND HEATING PASS 
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DISTORTION OF 3/16" PLATE AFTER PANEL 5 WAS HEATED THE SECOND TIME 
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DISTORTION OF 3/16" PLATE AFTER PANELS 5, 6 , 2 , 8, 1, 3, 7 , AND 9 WERE HEATED THE SECOND TIME 
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APPENDIX F 



1 / 8 " 



STIFFENED PLATE OUT-OF-PLANE DEFLECTION READINGS 
RECORDED AFTER LINE HEATING THE FIRST PASS 



Appendix F contains 10 sets of out-of-plane deflection 
measurements. The ist set was recorded after welding but 
prior to any line heating. The rest were taken a f ter each 
panel was line heated the first time. See Table 2-2 for the 
1st pass line heating sequence. 



NOTE! In appendixes D, E, F, and G the TRANSVERSE and 
LONGITUDE spacing is 2 inches. All deflection readings in 
matrixes are in .001 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/16" PLATE 
AFTER WELDING" is -0.075 inches (i.e. 0.075 

reference point). This point is designated 
on the 6th line in the TRANSVERSE direction 
in the LONGITUDE direction. 



the 



in 



below the 
D ( 6, 2 ) as it is 
and the 2nd line 



16U 



DISTORTION MEASUREMENTS OF 1/8" PLATE AFTER WELDING 
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DISTORTION HEASUREHENTS OF 1/3" PLATE AFTER PANEL 5 HAS LINE FLAHE HEATED FOR THE FIRST TIME 
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ii 



DISTORTION HEASUREMENTS OF 1/8" PLATE AFTER PANELS 5 AND 4 WERE LINE FLAME HEATED FOR THE FIRST TINE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5, 4, AND 6 WERE LINE FLAME HEATED FOR THE FIRST TIME 
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DISTORTION OF 1/8” PLATE AFTER PANELS 5, 4, 6, AND 2 HERE HEATED THE FIRST TIHE 



TRANSVERSE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5, 4,6,2, 8, 3, 1,7, AND 9 WERE HEATED THE FIRST TIME 
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APPENDIX G 



1/8" STIFFENED PLATE OUT-OF-PLANE DEFLECTION READINGS 
RECORDED AFTER LINE HEATING THE 2ND, 3RD. AND 4TH PASS 



Appendix G contains 8 sets of out-of-plane deflection 
measurements. The first 4 are for the 2nd heating pass, the 
next 2 are for the 3rd pass, and the last 2 are for the 4th 
pass. See Table 2-2 for the line heating sequence of each 
pass. 



NOTE: In appendixes D, E, F, and G the TRANSVERSE and 

LONGITUDE spacing is 2 inches. All deflection readings in the 
matrixes are in .001 inches. For example, the out-of-plane 
distortion at 10 inches TRANSVERSE and 2 inches LONGITUDE, in 
the matrix labeled "DISTORTION MEASUREMENTS OF 3/16" PLATE 
AFTER WELDING" is -0.075 inches (i.e. 0.075 below the 
reference point). This point is designated D(6,2) as it is 
on the 6th line in the TRANSVERSE direction and the 2nd line 
in the LONGITUDE direction. 
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DISTORTION OF 1/8" PLATE AFTER PANEL 5 WAS HEATED THE SECOND TIHE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5 AND 4 WERE HEATED THE SECOND TIME 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5,4, AND 1 WERE HEATED THE SECOND TIHE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 5,4,1, AND 7 WERE HEATED THE SECOND TINE 
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DISTORTION OF 1/8" PLATE AFTER PANEL 1 UAS HEATED THE THIRD TIME 
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DISTORTION OF 1/8" PLATE AFTER PANELS 1 AND 7 WERE HEATED THE THIRD TIHE 
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DISTORTION OF 1/8" PLATE AFTER PANEL 7 WAS HEATED THE FOURTH TIHE 
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DISTORTION OF 1/8" PLATE AFTER PANELS 7 AND 1 WERE HEATED THE FOURTH TIME 
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APPENDIX H 



GRAPHS OF THE 3/16" STIFFENED PLATE MID-PANEL DEFLECTIONS 
AFTER THE FIRST LINE HEATING PASS 



The horizontal coordinate is transverse or longitudinal 
displacement, measured in inches, and the vertical coordinat 
is out-of-plane deflection, measured in thousandths of an 
inch. 
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APPENDIX I 



GRAPHS OF THE 3/16" STIFFENED PLATE MID-PANEL DEFLECTIONS 
AFTER THE SECOND LINE HEATING PASS 



The horizontal coordinate is transverse or longitudinal 
displacement, measured in inches, and the vertical coordinate 
is out-of- plane deflection, measured in thousandths of an 
inch . 
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PLATE DEFLECTIO 
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APPENDIX J 



GRAPHS OF THE 1/8" STIFFENED PLATE MID-PANEL DEFLECTIONS 
AFTER THE FIRST LINE HEATING PASS 



The horizontal coordinate is transverse or longitudinal 
displacement, measured in inches, and the vertical coordinate 
is out-of-plane deflection, measured in thousandths of an 
inch. 
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•''8" PLATE DEFLECTION 

PANELS ONE. TWO. AND THREE 
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PLATE DEFLECTION 

PANELS FOUR. FIVE, AND SIX 
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PLATE DEFLECTION 

PANELS FOUR. FIVE, AND SIX 
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" PLATE DEFLECTION 

PANELS S0-/EN, EIGHT. A^JD NINE 
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APPENDIX K 



GRAPHS OF THE 1/8" STIFFENED PLATE MID-PANEL DEFLECTIONS 
AFTER THE SECOND LINE HEATING PASS 



The horisontal coordinate is transverse or longitudinal 
displacement, measured in inches, and the vertical coordinat 
is out-of-plane deflection, measured in thousandths of an 
inch. 
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/8" PLATE DEFLECTION 
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8" PLATE DEFLECTION 

PANELS FOUR. FIVE. AND SIX [2ND PASS] 
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/8" PLATE DEFLECTION 

PANELS SEVEN. EIGHT.AND NINE [2ND PASS] 




226 




o 


o 


o 


o 


o 


o 


o 


o 


a 


o 


o 


o 


o 


o 


o 


o 




00 


o 






<c 


•a 


o 


M 




<0 


<0 


o 


O') 






1 


1 








1- 


T— 


C>J 


0) 


O') 


O'! 


C-'l 


n 


n 


n 





r-- 

- 4 fc: 

X 






O') 

LJ 

I 

<J 

Z 




Q 

D 

K 



go 

-■a 

m 



i±i 

ct: 

Cl 

m 



□ 



(S3HONI 100’) NOIi03nJ3Q 



227 



8" PLATE DEFLECTION 

A.NELS TWO. FIVE, AND EIGHT [2ND PASS] 
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^8" PLATE DEFLECTION 

PANELS THREE. SIX AND NINE [2ND PASS] 
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APPENDIX L 



GRAPHS OF THE 1/8" STIFFENED PLATE MID-PANEL DEFLECTIONS 
AFTER THE THIRD AND FOURTH LINE HEATING PASS 



The horizontal coordinate is transverse or longitudinal 
displacement, measured in inches, and the vertical coordinate 
is out -of -plane deflection, measured in thousandths of an 
inch. 
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8" PLATE DEFLECTION 
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APPENDIX M 



GRAPHS OF THE 3/16" STIFFENED PLATE TRANSVERSE 
OUT-OF-PLANE DEFLECTION READINGS FOR LINES 
AD2 THROUGH AD7 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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TRANSVERSE DIM (INCHES) 

AD 2 + AD 3 ❖ ADA A ADS ' x ADC v AD 7 




ooooooooooooooooo 

<0 ^ O'j <><1 ^ <0 O c-i ^ <C <0 O <N 

I I I |’r-^T-^T-CNC>l<MC^ 



r-- 

a 



t> 



<0 

Q 

< 



X 

(/i 

u 

X 

o 

?tn 

'-'a 

T>< 



a 

u 

<7j 



<1 



iX 

UJ 

> 

CO 



<Ci 

f^< 



n 

a 

< 



+ 



M 

Q 

< 



(S3H0N1 100') NOliOTUaa 



□ 



239 




o o o o 

O OD <£• ri- 

CN ’T- T- T- 



OOOOOOOO 
•N O <0 ^ <>\ C-J 



O O O O 
'+<£>00 0 



N 

a 

< 






<£) 

a 

< 



X 



O') 

llJ 

I 







Q 



UJ ^ 

</) 

Ul 

> 

</) 



<3 



o 



n 

a 



<0 



+ 



0-4 

Q 



< 



(S3HONI 100 ) NOliOTlJSa 



21^0 




o o o 

O 00 <C' 

(N T- T- 



o o o o o o 

^ O 00 <0 H- 



o o o o o o o 



C--1 



<N 

I I 



‘0 oo o 



(S3HON1 1 00’) N01i031J3Q 



2U1 



TRANSVERSE DIK-1 (INCHES') 

AD 2 + AD3 ❖ ADA A AD 5 ' X AD 6 7 AD 7 




I 

f 

f 



r 

\ 

j 



i 




o o o 

o <a <c 

CN 'i- 



ooooooooo 

rf 0-.J O oa <0 ^ C'J <"■] 



o o o o 
<0 o 



N 

a 

< 



> 



(S3H0NI 100') NO11031J3a 



2U2 



TRANSVERSE C)\M (INCHES) 

AD 2 + AD 3 o ADA A ADS X AD 6 




o o o o o o g 

'i- 'N O’-! 

I I 



0 


0 


0 


O 


0 


0 


0 


0 


0 


0 


0 


<0 


OQ 


0 


c-i 




<D 


<0 


0 


C'-i 




<0 


1 


1 


▼- 


y- 


T- 




T- 


C -4 


Oi 







I I I I I 

(S3H0NI too ) NOliOTUBQ 



till 



£_l 






o 

n 



’iD 

LJ 

< 



<n 

LlI 

I 

o 

_ 



< 



o 

M 



LJ 



<1 



li) 

on 

a: 

LlJ 

> 

CO 

<Q 






n 

a 

< 

+ 



■N 

Q 

< 



APPENDIX N 



GRAPHS OF THE 3/16" STIFFENED PLATE TRANSVERSE 
OUT-OF-PLAME DEFLECTION READINGS FOR LINES 
AD7 THROUGH AD12 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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TRANSVERSE DIM (INCHES^I 
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APPENDIX 0 



GRAPHS OF THE 3/16" STIFFENED PLATE TRANSVERSE 
OUT-OF-FLAME DEFLECTION READINGS FOR LINES 
EH2 THROUGH EH7 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 



251 






il 










o 

'J' 



r--- 

X 

LlJ 




o o o a 

O'! 



0 


0 


0 


0 


0 


0 


0 


0 


0 


a 


0 


<0 


<0 


0 


c --\ 




<0 


CQ 


0 


C-4 


’ 4 * 


<0 


1 


1 




r-“ 




^ — 


•n — 


■M 


C--J 


CN 


Ci 






X 

LU 



r-S 

u 

X 

o 



?in 

'--X 




(/} 



a: 

LiJ 

> 




<x 

CtliJ 



I- 



❖ 



X 

Ijj 



+ 



c -4 

X 

hi 



(S3H0NI too') NOI 1031330 



252 



.1 




■7 






r-- 

I 

LlI 




ooooooooooooooooo 

<Q ^ C-J C-\ -+ 00 O 0-1 <0 OD O C--J -i- <£> 

I I I I ’T- T- T- T- CN OJ OJ OJ 



t> 



<0 

I 

LU 



X 

/ \ 

f,n 

LtJ 

I 

<J 

±irj 



.hJ 



C-J 

liJ< 

</i 

Ct 

1x1 

> 

<7i 

Z’^ 

<X 

^UJ 



n 

I 

111 



+ 



C-'l 

X 

111 



CS3H0NI WO') NOI1031J3a 



253 





... 



r- 

I 

LlI 




oooooooooaooooooo 
<0 <:-A o 03 <c ^ C--I tJ- <0 oa o c-j <o 







■'V 

I 

111 



X 

(fi 

LU 

I 

'^X 

^Ld 



llJ 

O') 

a: 

u 

> 

O') 

<x 

ttllJ 



<> 



in 

I 

lij 



+ 



<N 

X 

LiJ 



(S3H0NI too ) NOI1031J3a 



2$h 




a o 

O 01 



o o o o o o o o 
<0 c-'j c-'j ^ <0 (a 



o 

o 



o 

I 



o o o a 

"^•<£'00 0 
■r- T- 'I- C^J 



I 

UJ 



(S3H0NI iOO ) NOI103nj3a 



255 




oooooaoooooooooo 

O <X3 rl- ^N C--1 r*- <0 ca O C--] OD O 

- I I I I ^ c-'l 

I I I I I I 



(S3HONI too ) NOI1031J3a 



□ 



256 



TRANSVERSE DIM I'lNCHES') 

EH2 + EH3 <> EH4- A EH5 ' X EH6 7 EH7 
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APPENDIX F 



GRAPHS OF THE 3/16" STIFFENED PLATE TRANSVERSE 
OUT-OF-PLANE DEFLECTION READINGS FOE LINES 
EH7 THROUGH EH12 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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EH7 + EHS <> EH9 A EH 1 0' X EH 11 v EH1 









5 









'16" PANEL #4 HEATED 

PANELS FOUR, FIVE, AND SIX 





ooooooooooooooooo 

<© 4- O ^ ^ O'! C-4 <£> oa O *N 4- <0 



o 

■4 



O 

n 



o 



o 



o 



(S3H0NI too ) NOIlOTlJ^a 



261 
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TRANSVERSE DIM (INCHES'! 
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TRANSVERSE DIM (INCHES) 

EH7 + EHS o EH9 A EH 1 D' X EH1 1 v EH1 



APPENDIX Q 



GRAPHS OF THE 3/16" STIFFENED PLATE TRANSVERSE 
OUT-OF-FLANE DEFLECTION READINGS FOR LINES 
IL2 THROUGH IL7 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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3/16" PANEL #2 HEATED 

PANELS S0/EN, EIGHT, AND NINE 

onn 




















-V 












^ =j 

t> 


















'’"l 


\ 

r 


§ 

] 

1 


]i 


t 








<Q 

o 




















■~t 

i 


3 

3 


P 


s — 








n 

X 

/— N 

<n 

u 

I 


















r 














o 

z 

_J 

5~ 

O Q 


















/ 


/ 


3 

/ 


h 

}*' 










CO 

CJL 

LiJ 

CO 
















S, 


2k 

[< 


r 

1 












Q1=^ 

1- 

o 
















\ 


TS 

\ 




1 












n 

1 
















> 

12 


y 


./ ; 
2 7 


\ 










_j 

+ 


D C 

} CC 

i -r- 


3 C 
] <$: 


3 C 

3 ^ 

- -r* 


3 C 
h C- 

(c 


3 C 
1 C 

53 h; 


3 C 
3 o: 

DNI 


3 C 

] <i 

^0( 


.K ^ 

3 C 
3 

T) 


1 V 

3 C 
f- C 

NOI 


' 1 1 

3 a c 
1 c 

1 

103133 


3 C 

■j 

1 

a 


3 C 

P <S 

1 


3 C 
3 « 

1 


3 C 
3 C 

1 


o 

3 

3 

(M 

J 

□ 



269 




(S3H0NI 100') NOI103nJ3a 



270 




h- 



<Q 



X 



OOOOOOOOO 
<0 H- -N O 03 O 

CN (N CN -r- ^ ^ ^ ^ 



a a o o o o o o 

<0 <£• 'N O'! H- <0 



(S3H0NI 100 ) NOI1031J3a 



□ 



271 



TRANSVERSE DIK^ (INCHES 
IL2 + IL3 ❖ IL4 4 IL5 



APPENDIX R 



GRAPHS OF THE 3/16” STIFFENED PLATE TRANSVERSE 
OUT-OF-PLANE DEFLECTION READINGS FOR LINES 
IL7 THROUGH IL12 



The horizontal coordinate is the transverse displacement, 
measured in inches, and the vertical coordinate is out-of- 
plane deflection, measured in thousandths of an inch. 
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APPENDIX S 



GRAPHS OF THE 3/16" STIFFENED PLATE LONGITUDINAL 
OUT-OF-PLANE DEFLECTION READINGS FOR LINES 
AM2 THROUGH AM6 



The horizontal coordinate is the longitudinal 
displacement, measured in inches, and the vertical coordinate 
is out-of-piane deflection, measured in thousandths of an 
inch. 
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LONGITUDIN.AL DIM (INCHES) 
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LONGITIJDIN.AL DIM (INCHES) 
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LONGITUDINAL DIM (INCHES) 

AMI 2 + AM3 O- AM 4 ' ^ Alv15 X AM(; 



APPENDIX T 



GRAPHS OF THE 3/16" STIFFENED PLATE LONGITUDINAL 
OUT-OF-PLANE DEFLECTION READINGS FOE LINES 
BN2 THROUGH EN6 



The horizontal coordinate is the longitudinal 
displacement, measured in inches, and the vertical coordinate 
is out-of-plane deflection, measured in thousandths of an 
inch. 
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LONGITUDINAL DIM (INCHES) 
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LONGITUDINAL DIM flNCHESl 

BN2 + BN3 <> BN4 ' a BI^J5 X BN6 
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LONGITUDINAL DIM flNCHES^ 

BN2 + BN3 ❖ BN4 ' A BI^-15 x BM6 



APPENDIX U 



GRAPHS QF THE 3/16" STIFFENED PLATE LONGITUDINAL 
QUT-OF-PLANE DEFLECTION READINGS FOR LINES 
C02 THROUGH C06 



The horizontal coordinate is the longitudinal 
displacement, measured in inches, and the vertical coordinate 
15 out-of-piane deflection, measured in thousandths of an 
inch. 
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" PLATE DEFLECTION 
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APPENDIX V 



3/16" STIFFENED PLATE MID-PANEL DEFLECTION DATA 
D(MAX)iT AND D(MAX)iL 



This appendix contains the mid -panel deflection data, 
D(MAX)iT and D(HAX)iL. for the 3/16" stiffened plate. The 
data is in tabular form. All deflection readings are in 
thousandths of an inch. See Figure 3-2 for the definition 
D(MAX)iT and D(HAX)iL. 
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3/16" PLATE 

Out of plans dsflsction at the center of panel i. referenced to the 
transverse straight line connecting the «id points of that panel's 
longitudinal stiffeners. See Figure 3-2 for the Definition of IKKAXliT. 





PANEL 

HEATEDt 


D(HAX)1T 


D(«AX)2T 


1 

D(HAX)3T 


1 

I 

D(hAX)4TlD(t1AX)5T 

1 


D(HAX)6T 


D(HAX)7T 


D(HAX)8T11 


[i(HAX)9TI 


F 


WELD 


63.5 


63.5 


55 


1 

1 

1 

58.5 ! 


63 


53.5 


60.5 


51.5 1 


70.5 1 


I 


«5 


71.75 


96.75 


52 


46.25 1 


77 oc; 


42 


64 


74.5 1 


74 ! 


R 


«4 


68 


88.5 


51.5 


-56 ! 


36.5 


43.75 


63 


69 ! 


68 : 


S 


#2 


55 


62.5 


42.5 


-55.25 ! 


47 


46.5 


62.5 


65 1 


66 1 


T 


Its 


55 


60.5 


43.75 


-56 : 


58.5 


40 


49.5 


23.5 1 


67 1 




H6 


54 


63 


47 


-51 ! 


46.5 


38.5 


49 


25.5 ! 


61.5 1 


P 


ttl 


39.5 


55 


47.5 


-54 ! 


49.5 


38.5 


48 


23.75 ! 


60.75 1 


A 


«7 


40.5 


55 


47 


cc 7 C 1 
-JJ./J 1 


47.75 


37.75 


26 


24.5 ! 


61.75 1 


S 


S3 


41.5 


53 


25.5 


-54.5 1 


50.75 


37 


26.5 


19.25 ! 


63.5 1 


S 


S9 


40.5 


53.5 


26 


-53 1 
1 
1 

1 


51.5 


37 


25 


18.5 1 


33.75 1 


s 

r 

C 


S5 


41 


59 


24.5 


1 

-63.5 ! 


33.25 


31.25 


26 


21 i 


35 'l 


c 


S6 


41.5 


59.5 


24 


-63.25 ! 


38 


6 


26 


19.5 ! 


35.25 ! 


0 


S2 


39 


20 


18.5 


-64.5 ! 


37.75 


6.25 


27 


21 ! 


35.5 ! 


N 


S8 


38.5 


20.5 


1? 


-65 1 


39 


6.75 


27 


-3.5 ! 


33 : 


D 


SI 




17 


19.5 


-66.25 1 


33.75 


6.5 


27.5 


-1.5 1 


33.5 1 




S3 


-2.25 


20.25 


-8 


-65.5 1 


39 


5.75 


27 


-3 1 


33 1 


P 


S7 




20 


-7 


-66 ! 


40.5 


6.5 


7.5 


-3 ! 


32.75 1 


A 

S 

P 

D 


S9 


-2 


19.5 


-8 


-65.5 1 

1 

1 

1 

1 


39.5 


5.5 


7.5 


-5.5 1 


-10.5 ! 
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3/16" PLATE 

Out of plane deflection at the center of panel i, referenced to the 
longitudinal straight line connecting the nid points of that panel's 
transverse stiffeners. See Figure 3-2 for the definition of D(HAX)iL. 





PANEL 

HEATED! 


{ 

i 

D(HAX)1LID(MAX)2L 

1 


D(HAX)3L 


D(NAX)4L 


D(HAX)5L 


Ii(HAX)6L 


D(MAX)7L 


1 1 

1 1 

D(NAX)8L1D(HAX)9L! 


F 


WELD 


1 

1 

1 

56 1 


61 


47 


70.5 


58.5 


47 


54 


1 

1 

31 ! 


56 1 


I 


«5 


62.5 1 


93 


45 


66 


32.5 


40.5 


56 


54 ! 


59.5 ! 


R 


#4 


62 1 


85.75 


43.5 


-6 


46.5 


40 


57.5 


49.5 ! 


53 ! 


S 


#2 


54 ! 


53.5 


42.5 


-6.5 


52.75 


41.5 


58 


44.75 1 


52 1 


T 


tt3 


54.75 I 


51 


43.5 


-8.75 


61.25 


43.5 


48 


2.25 ! 


53 1 






CO c 1 
jZ. J 1 


58.5 


46.5 


-6 


56.25 


53 


48 


8.75 1 


54.5 ! 


P 


til 


50.75 ! 


55.25 


49.5 


-16.25 


62.25 


55.75 


46.5 


7.25 1 


52.5 ! 


A 


«7 


51 : 


cc c 

JJ. J 


49 


-14.5 


62 


55.25 


31.5 


9 I 


52.5 1 


S 


H3 


51.5 ! 


55.25 


35 


-12.75 


64.5 


53 


32.25 


10 1 


54.5 1 


S 


H? 


51 ! 
! 


57 


35 


-11.5 


66 


51.75 


32 


9 1 

1 

1 

1 


31.75 1 


S 

E 


tl5 


! 

1 

1 

52 1 


61.75 


33.5 


-19 


50.25 


46.75 


33.5 


1 

1 

10.75 ! 


34.5 ! 


C 


tl6 


52.5 ! 


62 


32 


-19 


55 


23.5 


33.75 


11 1 


34 1 


0 


«2 


51 ! 


00 C 
lie ft w 


28 


-19.5 


CC c 

JJ. J 


24 


34 


10.5 1 


33.5 1 


N 


tie 


51 1 


23 


27.75 


-21 


CT C 
\J\J • J 


24 


34 


-13.5 1 


31.75 1 


D 


HI 


10.5 1 


20 


28.5 




5j. j 


24 


34.5 


-11.5 1 


31.5 ! 




H3 


10 1 


23 




-21 


56 


22.5 


34.5 


-13 1 


31.5 1 


P 


H7 


9.25 ! 


22.5 


2.25 


-22.5 


56.5 


22.5 


15 


-13 1 


31.25 ! 


A 

S 

S 


H9 


10.5 I 

1 

1 

1 

1 


23 


9 


-20.5 


56.5 


22.5 


14 


- 1 6 • 5 1 

1 

1 

1 


-11.35 ! 

1 1 
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APPENDIX H 



1/8" STIFFENED PLATE MID-PANEL DEFLECTION DATA 
D(MAX)iT AND D(MAX)iL 



This appendix contains the mid-panel deflection data, 
D(MAX)iT and D(MAX)iL, for the 1/8" stiffened plate. The data 
is in tabular form. All deflection readings are in 
thousandths of an inch . See Figure 3-2 for the definition of 
D(MAX)iT and D(MAX)iL. 
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i/8" PLATE 

Out of plane deflection at the center of panel i. referenced to the 
transverse straight line connecting the Hid points of that panel's 
longitudinwal stiffeners. See Figure 3-2 for the definition of D(MAX)iI. 





PANEL 

HEATEDT 


D(MAX)1T 


D(MAX)2T 


i(MAX)3T 


MAX )4T 


D(MAX)5T 


MAX)6T 


D(MAX)7T 


KMAX)8T 


KhAX)9Tl 


F 


HELD 


69.5 


7.5 


32.5 


34.25 


69.75 


27.5 


85 


17 


49.5 ! 


I 


US 


75.5 


4 


37 


24 


24.5 


13 


93.5 


16 


53.5 1 


R 




93 


4.5 


34 


20.5 


25 


12 


95.5 


16 


54.5 1 


S 


u 


94 


4 


39.5 


20 


26.5 


13 


96 


15 


56 ; 


T 


«2 


96.5 


-J.J 


43.5 


20 


28.75 


14.25 


95.25 


15.75 


55.25 1 




Its 


96 


-6.5 


43 


20.5 


28.5 


13.5 


89 


-12 


54.5 : 


P 


}I3 


93.5 


-8 


-6 


19.75 


32.25 


11 


88 


-12 


54 ! 


A 


#1 


126.5 


-17.5 


-6.5 


14.75 


40.75 


7.5 


90 


-13 


51.5 1 


S 


#7 


127.5 


-18 


-7 


16.5 


47.75 


9.5 


123 


-26.5 


55 ! 


s 


H9 


127.5 


-18 


“5.5 


16.25 


cn e 
Jiit J 


4.5 


122 


-32.5 


40 1 


S 






















E 


«5 


129.5 


-20 


-6.5 


20.25 


-52 


-4 


PLATE 


HAS 


DAMAGED I 


C 


0000 




















0 


AFTER 




















N 


DAHAGE 




















B 


M5 


130.75 


-19 


-10.5 


17.5 


-52 


-3 


124.25 


-16.5 


-73.5 1 




«4 


129.25 


-20.5 


-9 


-10.25 


-46.5 


-4.25 


123 


-15.25 


-73.75 1 


P 


ill 


108 


-20.5 


-9 


-9.5 


-50 


-2.5 


124 


-16 


-74.5 1 


A 

0 


tl7 


108 


-19.5 


-9.25 


-9.5 


-52.5 


-3 


114 


-15.5 


-74.5 : 


0 

s 






















3 






















R 






















D 
























ttl 


67.25 


-23 


-8.5 


-9.5 


-55.5 


-1.25 


113.75 


-15.75 


-74 1 


P 


«7 


67.25 


-23 


-8 


-8 


-58 


-1.75 


93.5 


-13 


-74.5 1 


A 






















S 






















S 






















A 






















T 






















H 
























tl7 








-8.5 


-59 




67.75 


-11.75 




P 


HI 


24.5 


-23 




-8.75 


-59.5 










A 






















S 






















S 























0090 THE PLATE HAS DAHAGED WHILE TAKING OUT-OF-PLANE DISTORTION READINGS AFTER 



PANEL US HAS HEATED. PANELS It? AND WERE AFFECTED 
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1/8" PLATE 

Out of plsiW defltCtion St the COntei’ Of p 311 el 1, referoriCeCl tO the 
longitudinal straight line connecting the nid points of that panel's 
transverse stiffeners. See Figure 3-2 for the definition of D(ftAX)iL. 





PANEL 

HEATED*' 


W MAX)1L 


D(MAX)'2L 


D(hAX)3L 


D(MAX)4L 


D(MAX)5L 


D(MAX)6L 


D(MAX)7L 


D(MAX)8L 


D(MAX)9L 


F 


HELD 


48.75 


-14 


16 


14.5 


45.5 


12.5 


68.5 


-3.5 


37 


I 


»5 


JJ 


-17 


21 


6 


2.5 


0 


77.5 


-10 


41 


R 


94 


74.75 


-16.5 


18.75 


6.25 


4 


0.5 


78.75 


-10.5 


42 


S 


96 


76 


-17.5 


24.5 


6.5 


6.25 


3.5 


78.5 


-10.75 


45 


T 


92 


79 


-27 


28.25 


6.5 


8 


3.75 


79.25 


-10 


43.75 




98 


79.25 


-26.75 


28.25 


6.25 


8.25 


3.25 


73 


-37.5 


43 


P 


93 


76.5 


-27.75 


-18.25 


6 


12.5 


0.75 


71.75 


-38 


42.75 


A 


91 


118.5 


-35.5 


-19.25 


0 


21 


3 


74.5 


-38.5 


40.75 


S 


97 


119.5 


-35.75 


-19 


0.25 


28.75 


_2 


113.75 


-49.5 


43.5 


S 


99 


120 


-35.25 


-18 


-0.25 


34 


-7.5 


113.75 


-54 


32.25 


S 






















E 


95 


121.5 


-38.5 


-18.5 


3.5 


-71.5 


-16 


PLATE 


HAS 


DAMAGED 


C 


0690 




















0 


AFTER 




















N 


DAMAGE 




















D 


95 


122.5 


-37 


-22.75 


1.75 


-71 


-14.75 


115.25 


-38.5 


-82 




94 


121 


-38.5 


-21.5 


-25 


-65.5 


-17 


114 


-37.5 


-83.5 


P 


91 


101.5 


-37.5 


-22.25 


-24 


-68.75 


-15.25 


114.5 


-38.25 


-84 


A 

S 

s 


97 


100.25 


-37 


-22 


-24.25 


-71 


-15 


105 


-37 


-83.25 


3 

R 






















D 


91 


60.75 


-40 


-21 


-24 


-74.25 


-14 


105 


-37.5 


-83.25 


P 

A 

S 

S 


97 


59.75 


-40.5 


-21 


-22 


-76 


-13.75 


85.5 


-33.5 


-82.75 


4 

T 

H 


97 








-23.5 


-77.25 




59.5 


-33.25 




P 


91 


18 


-39 




-23.5 


-77 










A 






















S 






















S 























0996 THE PLATE HAS DAMAGED UHILE TAKING OUT-OF-PLANE DISTORTION READINGS AFTER 
PANEL 1*5 HAS HEATED. PANELS K9 AND H4 HERE AFFECTED 
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APPENDIX X 



AFFECT ON D(MAX)iT AND D(HAX)iL OF LINE HEATING 
EACH PANEL ON THE 3/16" STIFFENED PLATE 



Thisre are two types of comparisons made in this appendix: 

1. the affect on D(NAX)iT and D(MAX)iL of line heating 
each of the panels, and 

2. the affect on D(MAX) of all other panels when line 
heating just one panel. 

All data in the tables are in thousandths on an inch. 
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■p 




A. 3/16" STIFFENED PLATE. FIRST PASS 

PANEL Ml 



1. The affect, on D(MAX)1T and 
panels . 

TRANSVERSE 



I 

-14.5 ! -13 

1 


1 


-3.75 ! 8.25 
1 


-1 


1 1 0 
1 


-1 



D(MAX)1L of line heating all other 



LONGITUDINAL 



1 

-1.75 1 

1 


1 -8 

1 


0.5 


-0.5 1 

1 


! ~ 

1 6.5 

1 


-9 9«^ 

JU. « .b. 


1 

0.25 1 
1 


1 

1 0.75 

1 


-0.5 



2. The affect on D( HAX ) of all other panels by heating panel Ml 
TRANSVERSE LONGITUDINAL 



-14.5 


-8 


0.5 


-3 


3 


0 


-1 


0 


-0.75 



-1.75 


-3.25 


3 


-10.3 


6 


2.75 


-1.5 


-1.5 


~2 



PANEL M2 

1. The affect on D( MAX )2T and D( MAX )2L of line heating all other 
panels. 



TRANSVERSE 
1 1 




LONGITUDINAL 
1 1 


1 1 

-8 1 -26 ! 
1 1 


—9 




-3.25 


1 1 

1-32.3 1-0.25 
1 1 


_ ■” 1 “* 1 
-8.25 : 33.3 ! 


2.5 




-7.25 


1 1 — - 

1 32 1 7.5 

i 1 


— — — ^ 

1 1 

0 I -2 1 

1 1 


1 1 

1 1 

1 • 1 

1 O 1 

t 1 




0.25 


1 1 — — - 

1 -2.5 1 1.75 
1 1 



2. The affect on D( MAX ) of all other panels by heating panel M2 



TRANSVERSE LONGITUDINAL 



1 

1 

-13 1 
1 


1 -26 

1 _ __ 


-9 


1 

1 

1 -8 
1 


1 

1 

1-32.3 

1 


-1 


1 

0.75 1 
1 


1 

10.5 


2.75 


1 

1 -0.5 
1 


1 

1 6.25 


1.5 


1 

-0.5 1 
1 


1 -4 


_2 


I 

1 0.5 

1 

1 


1 “* 

1-4.75 

1 

1 


-1 
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PANEL M3 



1. The? affect on D( MAX )3T and 
panels u 

TRANSVERSE 



0.5 1 -9 

— — I 


-21.5 


1 

-0.5 ! -3 


3.25 


-0.5 1 1.25 


0.5 



D( MAX )3L of line heatinq all other 



LONGITUDINAL 



3 


-1 


-14 


-1.5 




3 


“0.5 


1 


0 



2. The affect on D( MAX ) of all other panels by heatinq panel M3 



TRANSVERSE LONGITUDINAL 



1 




-21.5 




0.5 


1 

1-0.25 

1 


-14 


1.25 


3 


-0.75 




1.75 


1 

1 o c" 

1 ZmU 

1 


“2.25 


0.5 


0.75 


1.75 




0.75 


1 

1 1 
1 


2 



PANEL M4 



1. The affect on D(MAX)4T and 
panels. 

TRANSVERSE 



-3 


0.75 


1.25 


-102 


-12.3 


5 


-1.75 


-0.75 


1.5 



D( MAX )4L of line heating all other 



LONGITUDINAL 



-10.3 


-0.5 


1.75 


-72 


-4.5 


2.75 


1.75 


. 25 


1.25 



2. The affect on D( MAX ) of all other panels by heating panel M4 



TRANSVERSE 



I 1 



1-3.75 


1 1 

1-8.25 ! 
1 1 


1 

-0.5 

1 


! -102 


1 1 

1 *7 ncr 1 

1 U . tLyJ 1 

1 1 


1 

1 1.75 

1 


! -1 


i 1 

I _tr c; 1 

1 -J m -J 1 

t 1 


1 

1 -6 

1 



I I 



LONGITUDINAL 

I I 



-0.5 


1 

1 

1-7.25 

1 


1 

1 

1 i . j 

1 


-72 


1 

! 14 

\ 


1 

! -0.5 

l 


1.5 


1 

1 -4.5 

1 

1 


1 

1-6.25 

1 

1 
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PANEL M5 



1. The affect on D< MAX )5T and D( MAX )5L of line heatino all other 
panels . 

TRANSMERSE LONGITUDINAL 

i I I I ) I 





! 10.5 

t 


1 

1 

1 


3 1 

i 


1 6 
1 


1 W ■ 1 

1 t 


2.5 


3.25 


!-29.8 


1 

1 

« 

J 


1 

-12 1 
1 


t 

! 14 

1 


1 1 
1 -26 1 


•“5 


-1.75 


1 

1 11.5 


1 

! 

! 


0.75 1 


1 

1-0.25 


’ 1 i 

i 8.5 1 


1 a 5 



2. The affect on D( MAX ) of all other panels bv heatino panel M5 
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PANEL Me 
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The affect on D( MAX )6T and D( MAX )6L of line heatinq all other 
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PANEL «? 



1 . 



The affect on D( MAX )7T and D( MAX )7L of line heatinp all other 
panels. 
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2. The affect on D( MAX ) of all other panels by heating panel H7 
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PANEL S8 



1. The affect on D( MAX )8T and 
panels. 
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2. The affect on D( MAX ) of all other panels by heating panel tt8 
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PANEL «9 



1. The affect on D( MAX )9T and D( MAX )9L of line heatino all other 
panela . 
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2. The affect on IK MAX ) of all other panels by heating panel *{9 
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B. 3/16" STIFFENED PLATE. SECOND PASS 
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The sffect on D(fiAX)lT and 
panels. 
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PANEL S2 



1. The affect on IK MAX )2T and 
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2. The affect on IK MAX ) of all other panels by heating panel S2 



TRANSVERSE 



LONGITUDINAL 



-2.5 


1 1 

1 1 

i-39.5 1 
1 1 


1 1 

1 1 

1 -c; er i 

1 U . %J 1 

1 


1 

1 

! -1.5 
1 


1 1 

1 1 

1-39.5 1 
1 1 


1 

-4 

1 


-1.25 


1 1 

i-0.25 1 
1 1 


' ' ' 1 

A O c. • 

1 \} m jL\J 1 

1 


1 

! -0.5 
1 


1 1 

1 0.5 1 

1 1 


1 - . - 

0.5 


1 


1 1 

1 -j cr 1 

i 1 . %J 1 

1 1 

1 1 


1 

1 V . 1 

I 

1 


1 

! 0.25 

1 

1 


1 1 

1 -0.5 1 

1 1 

1 1 


-0.5 

1 

1 



312 



0 



PANEL M3 



1 . 



The affect on D( MAX )3T and 
panels . 
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other panels by heating panel M3 
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PANEL M4 



1. The affect on D( M4X )4T and 
panels . 
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2. The affect on D( MAX ) of all other panels by heating panel M4 
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PANEL S5 



1. The affect on D( MAX )5T and D( MAX )5L of line heatinp all other 
panels. 
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PANEL U 



The affect on D(MAX)6T and D( MAX )6L of line heating all other 
panels. 
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PANEL «7 
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PANEL «8 
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PANEL M9 



1. The affect on D( MAX )9T and [i(MAX)9L of line heating all other 
panels . 
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1 0.5 


0.25 


1 1 

1 1 

1 -0.5 ! 
1 1 


1 

1 

1-0.25 

1 


-0.5 


0 


! N/A 


0.5 


1 1 

! 0.25 1 

I 1 


1 

! N/A 
1 


1.25 


-0.5 


1-0.25 


“2 . 5 


1 1 

1-43.3 ! 
1 1 

1 1 


1 

1-0.25 

1 

1 


-1.75 


-42.6 



2. The affect on D( MAX ) of all other panels by heating panel #9 
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APPENDIX Y 



AFFECT ON D(MAX)iT AND D(MAX)iL OF LINE HEATING 
EACH PANEL ON THE 1/8" STIFFENED PLATE 



There 

1 . 



are two types of comparisons made in this appendix 
the affect on D(MAX)iT and D(MAX)iL of line heating 
each of the panels, and 

the affect on D(MAX) of all other panels when line 
heating just one panel. 



All data in the tables are in thousandths on an inch. 
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A. 1/8" STIFFENED PLATE. FIRST PASS 
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1. The affect on D<MAX)1T and D(MAX)1L of line heating all other 
panels . 
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PANEL M2 



1. The affect on D( MAX )2T and 
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2. The affect on IK MAX ) of all other panels by heating panel M2 
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PANEL S3 



1. The affect cm D( MAX )3T and 
panels . 
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PANEL 
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The affect on D( MAX )4T and D( MAX )4L of line heating all other 
panels. 
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PANEL »5 



1. The affect C'fl EK MAX )5T and 
panels. 
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2. The affect on D( MAX ) of all other panels by heating panel S5 
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PANEL »6 



1. The affect on D( M6X >6T and 
panels . 
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2. The affect on D( MAX ) of all other panels by heating panel S6 
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PANEL H7 
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The affect on IK MAX )7T and 
panels. 
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PANEL #8 



1. The affect on IK MAX )8T and 
panels. 
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2. The affect on IK MAX ) of all other panels by heating panel tt8 
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PANEL «9 



The affect on D( MAX )9T and EK MAX )9L of line heating all oth 
panels. 
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B. 1/S" STIFFENED PLATE. SECOND PASS 



PANEL Ml 

1. The affect on D(MAX)1T and D(MAX)1L of line heating panels M5 
M4, Ml, and M7 a second pass. 
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2. The affect on D( MAX ) of all other panels by heating panel Ml 
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PANEL M2 

1. The affect on D( MAX )2T and D( MAX )2L of line heating panels M5 
M4, Ml, and M7 a second pass. 
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PANEL M3 

1 . The affect on D( MAX )3T and D( MAX )3L of line heating panels M5 
M4, Ml, and M7 a second pass. 
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PANEL 



1. The affect on IK HAX )4T and IK MAX )4L of line heatxno panels »5, 
}^1. and a second pass> 
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PANEL «5 



1. The affect on IK MAX )5T and D( MAX )5L of line heating panels 
114, ttl, and H7 a second pass. 
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other panels by heating panel #5 
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PANEL #6 



1. The affect on [i( MAX )6T and D( MAX )6L of line heating panels S5, 
S4, and a second pass. 
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PANEL U7 



1. The affect on IK MAX )7T and D(MAX)7L of line heating panels M5, 
tt4, ttl, and tt7 a second pass. 
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2. The affect on IK MAX ) of all other panels by heating panel tt7 
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PANEL »8 



1. The affect on IKMAX)8T and IK MAX )8L of line heating panels i*5, 
tt4, and tt7 a second pass. 
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PANEL M9 



1. The affect on D( MAX )9T and D( MAX )9L of line heating panels 
M4, ttl, and M7 a second pass. 
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C. 1/S" STIFFENED PLATE, THIRD PASS 

PANEL 

2, The affect on D( MAX ) of all other panels by heating panel 
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PANEL «7 

2. The affect on D( MAX ) of all other panels by heating panel #7 
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D. 1/8" STIFFENED PLATE. FOURTH PASS 



PANEL #7 



2. The affect on IK HAX ) of panels «5, 
panel M7. 
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PANEL ttl 



2. The affect on D( MAX ) of panels 111, H2, H4, and 115 by heating 
panel HI. 



TRANSVERSE LONGITUDINAL 



-41.8 


1.5 




0 


0.25 











328 



REFERENCES 



1. Masubuchi. K. , Analysis of Wsided Structures. 

International Ser ie^ on Materials Science and Techno! oqy, 
vol. 33, Oxford! Pergamon Press, 1980. 

2. Pattee. H. E. . Evans. R.M. . Monroe. R. , "Flame 
Straightening and its Effect on Ease Metal Properties", 

Bat telle Memorial Institute, Columbus, Ohio, SSC-198, August 
1969. 

3. Holt. R.E.. "Flame Straightening Basics", Melding Journal, 
vol. 44, September 1965, pp. 49 - 52. 

4. Holt. R.E., "Primary Concepts for Flame Bending", Melding 
Journal . vol. 50, June 1971, pp. 416 - 424. 

5. Anonymous. "Line Heating", The National Shipbuilding 
Research Program, U. S. Department of Transportation, Maritime 
Administration in Cooperation with Todd Pacific Shipyards 
Corporation, November 1982. 

6. Borsecki, T. , Rosochowics, K. , "An Effective Method of 
Straightening Thin-Hailed Superstructures", The 2nd 
International Symposium on Practical Design in Shipbuilding, 
Tokyo and Seoul, 1983, pp. 389 - 396. 

7. Papazoglou, V.J., Masubuchi, K. , "Development of 
Analytical and Empirical Systems For Parametric Studies of 
Design and Fabrication of Melded Structures", Final Report 
Prepared Under Contract No. N00014-75-C-0469, Nr 031-773, 
submitted to The Office of Naval Research, November 1977. 

8. Ractliffe, A.T., "The Basis and Essentials of Thermal 
Residual Distortion in Steel Structures", The Royal 
Institution of Naval Architects , 1983, pp. 217 - Z'25. 

9. Anonymous, "Flame Buckled this Steel ... and Flame 
Straightened iti. Part I", Melding Engineer , vol. 44, 1959, 
pp. 40 -43. 

10. Malsh, R.A., "Investigation of Distortion Removal in 
Melded Structures", S.M. Thesis, Department of Ocean 
Engineering, M.I.T., Cambridge, HA., May 1969. 

11. Duffy, D.K., "Distortion Removal in Structural Heldments", 
S.M. Thesis, Department of Ocean Engineering, M.I.T., 
Cambridge, MA. , May 1970. 

12. Johnson, E. K. , "Study of Flame Heating of Steel Plate", 
S.M. Thesis, Department of Ocean Engineering, H.I.T., 
Cambridge, MA. , May 1971. 



329 



lo. Taniguchi, C., "Out-Of-Plane Distortion Caused by Fillet 
Welds in Aluminum", S. M. Thesis, Department of Ocean" 
Engineering, Cambridge, HA., September 1972. 

14. Henry, R.W.. "Reduction of Out-Of-Plane Distortion in 

Wwlded High Strength Aluminum", S. M. Thesis, Department 
of Ocean Engineering, M.I.T., Cambridge, HA., May 1974. 

15. Pattee. H.E. , Evans, R.M., Monroe, R.E., "Experimental 
Flame and Mechanical Straightening and its Effects on Ease 
Metal Properties", Eattelle Memorial Institute, Project SR- 
185, Columbus, Ohio, July 1969. 

16. Iwamura, Y., Rybicki, E. R. , "A Transient Elastic-Plastic 
Thermal Stress Analysis of Flame Forming", Transactions of 
ASHE , vol . 95, February 1973, pp. 163 - 171. 

17. Watanabe, M. , Satoh, K. , "Effect of Welding Conditions on 
the Shrinkage Distortion in Welded Structures", Welding 
Research Supplement , August 1961, pp. 377 - 384. 

18. Muraki, T. , Bryan, J.J., Masubuchi, K. , "Analysis of 
Thermal Stresses and Metal Movement During Welding, Part I 
Analytical Study", Journal of Engineering Materials and 
Technology , January 1975, pp. 81 - 84. 

19. Masubuchi, K. , "Models of Stresses and Deformation Due to 
Welding--A Review", Journal of Metals , vol. 33, December 1981, 
pp. 19 -23. 

20. Papazoglou, V.J., Masubuchi, K. , "Numerical Analysis of 
Thermal Stresses During Welding Including Phase Transformation 
Effects", Journal of Pressure Vessel Technology , vol. 104, 
August 1982, pp. 198 - 203. 

21. Papazoglou, V.J., Masubuchi, K. , Goncalves, E. , Imakita, 
A., "Residual Stresses Due to Welding: Computer-Aided Analysis 
of Their Formation and Consequences", SNAME , November 1982. 

22. Agapakis, J. E. , Papazoglou, V. J. , Imakita, A. , Masubuchi, 

K. , "Study of Residual Stresses and Distortion in Structural 
Weldments in High-Strength Steels", Final Report Prepared 
under Contract N00014-75-0469, submitted to The Office of 
Naval Research, November 1982. 

23. Agapakis, J.E., Masubuchi, K. , "Analytical Modeling of 
Thermal Stress Relieving in Stainless and High Strength Steel 
Weldments", Welding Research Supplement, June 1984, pp. 187 - 
196. 



24. Tsai, C.L., "Modeling and Control of Out-Of-Plane Welding 
Distortion in Fabricated Structure Members", Publisher and 
date unknown. 



330 



25. Shin. D.B.. "Finite Element Analysis of Out-Of-Plane 
Distortion of Welded Panel Structures", S.M. Thesis, 
Department of Ocean Enoineerinq, H.I.T., Cambridge, MA. , 

May 1972. 

26. Masubuchi, K. , Imakita, A., Miyachi, H. , Miyake, M. , 
"Development of an Intelligent System for Flame Straightening 
Panel Structures", Paper to be Presented at The National 
Shipbuilding Research Program. Ship Production Symposium, 
1987. 

27. Ingerson, F. E. , Conversation on the welding sequence to 
use while welding the 1/8" stiffened plate, Middlesex Welding 
Supply, Cambridge, MA, January 1987. 

28. Masubuchi, K. , Terai, K. , "Future Trends of Materials and 
Welding Technology for Marine Structures", SNAME , June 1976. 



331 



1 6 7 



I 



x; : 






Thesis 

J2735 

c.l 



Janca 

Removal of out-o " 
plane distortion 
steel panels usxng flame 
heating. 



Thesis 

J2735 Janca 

c.l Removal of out-of- 

plane distortion in mild 
steel panels using flame 
heating. 



thesJ2735 

Removal of out-of-plane distortion in mi 




3 2768 000 75113 5 
DUDLEY KNOX LIBRARY 




